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Abstract 
 
The concerns by the general public to reduce the carbon footprint and issues 
surrounding disposal of nondegradable fossil-based plastics that pollute the 
environment have led to stringent governmental legislations, which are driving 
manufacturers to increase investment in the production of biodegradable materials.  
Globally the market for biodegradable materials shows continued growth, for 
instance, the market doubled in size from 2005-2009. Total consumption of 
biodegradable polymers is also expected to grow by nearly 15% annually from 
2012 to 2017 in Asia, Europe and North America. High prices and limited 
applications have led many researchers to focus on production of starch-based 
polymers, including those reinforced with lignocellulose fibre, as biodegradable plastic 
materials to replace the fossil-based plastics. The viability of producing biodegradable 
starch-based polymers is evident by these being marketed on a commercial scale, by 
trademarks such as: Mater-Bi® (Novamont, Italy); Bioplast® (Biotech, Germany); 
Biopar® (Biopolymer Technologies AG, Germany); Novon™ (produced by Chisso in 
Japan and Warner Lambert in USA), Cardia Bioplastics™ (Cardia Bioplastics Ltd, 
Australia) and Plantic® R1 (Plantic Technologies Ltd, Australia).  
To date there has only been a limited amount of work on the use of sugarcane 
bagasse fibres to reinforce starch films. So the aim of the project was to evaluate the 
physico-chemical properties of starch films prepared with sugarcane bagasse 
microfibre and nanofiber. In addition, the effects of the inclusion of alcohols and the 
organic acid, trans-aconitic acid (AcA) on the properties of starch films were 
investigated.  These investigations in this study have not previously been explored. 
Prior to the preparation of the starch-fibre composites, the ‘solvent-cast’ and the 
‘hot-pressed’ methods were investigated for the preparation of starch films in order to 
select the preferred preparation method. Two starch types were used for comparison 
purposes, a high amylose hydroxypropylated maize (G939) starch and a low amylose 
(brand named ‘Soluble’) potato starch. The physicochemical and mechanical properties 
of films conditioned at different relative humidities (RHs) were determined through 
moisture uptake, crystallinity, glass transition temperature (Tg), thermal properties, 
molecular structure and tensile tests. Hot-pressed starch films have ~5.5% less moisture, 
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twice the crystallinity (~59%) as well as higher Tg and Young’s modulus than cast starch 
films. The VH-type starch polymorph was observed to be present in the hot-pressed films.  
The addition of bagasse microfibre to the G939 (maize) and ‘Soluble’ (potato) starch 
films, prepared by hot-pressing, reduced the moisture uptake by up to 30% (cf., cast film) 
at 58% RH.  The film crystallinity generally increased for microfibre films, due to the 
increased presence of crystalline cellulose (the major component of microfibre). The 
addition of 5 wt% microfibre increased the tensile strength and Young’s modulus by 
16% and 24% respectively and significantly decreased the tensile strain by ~53%.  
Fourier Transform infrared (FTIR) spectroscopy revealed differences in hydrogen 
bonding capacity between the films with microfibre and those without microfibre.  
The use of unbleached sugarcane bagasse nanofibres (average diameter 
26.5 nm; aspect ratio 247 assuming a dry fibre density of 1500 kg/m3) to improve the 
physico-chemical properties of starch-based films was evaluated. The addition of 
bagasse nanofibres (2.5 to 20 wt%) to modified potato starch (i.e. Soluble starch) 
reduced the moisture uptake by up to 17% at 58% relative humidity (RH). The 
nanofibre film crystallinity increased more so than that of the microfibre film with 
fibre additions, due to the more highly crystalline nanofibres containing a higher 
crystalline cellulose component compared to the microfibres.  The film’s tensile 
strength and Young’s modulus increased by up to 100% (3.1 to 6.2 MPa) and 
300% (66.3 to 198.3 MPa) respectively with 10 wt% and 20 wt% fibre addition. 
However, the strain at yield dropped by 50% for the film containing 10 wt% fibre.  
Model equation plots of film tensile property ratio versus the fibre volume 
fraction for composite materials were used to account for the strong interactions 
between the nanofibres and the starch matrix. There were deviations from the model 
equations that provided the relationship between the maximum strength ratios and 
the composite fibre volume fractions. In the present study, the maximum strength 
ratios show an initial strong increase in strength, with only 2.5 wt% nanofiber added. 
This is indicative of a continuous fibre network, and so within this fibre content 
range, the nanofibres are acting as fillers. This is a likely explanation why the data 
obtained did not fit the model. However, the increase in strength as the fibre content 
increased from 2.5 to 10 wt% is indicative of strong nanofibre matrix adhesion. 
The composite model for the ratio of the elongation at break of the fibre-
composite and the nanofiber volume fraction shows that the latter decreases with 
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increasing fibre content. The data obtained from this study followed a similar profile 
to the profile of the model, indicating excellent bonding between the nanofibres and 
the starch matrix in the composite films. 
Thermal extrusion in the presence of alcohol was used to prepare starch films. 
Methanol (MetOH), ethanol (EtOH) and their combinations (5, 10, 20 wt%) were mixed 
with starch/glycerol and the whole thermally processed in a twin-screw extruder. The 
resulting thermoplastic strands were finely cut up then hot-pressed and conditioned to 
produce starch thermoplastic films. The moisture contents of the alcohol-derived films 
were reduced by up to 20 wt %. The crystallinity of the films generally increased with 
increasing alcohol content of the starch-based mixture. This may have been due to the 
alcohol molecules and/or the starch lipids complexing with starch amylose polymer 
chains to form crystalline amylose-lipid and/or amylose-alcohol complexes 
(VH polymorph) under the thermal extrusion processing conditions. Increasing the 
formation of VH crystals increases the film crystallinity. All alcohol-derived films 
generally showed an increased stiffness as indicated by the increased Young’s modulus. 
Films prepared with 5 wt% MetOH increased the Young’s Modulus, tensile strength and 
elongation at break by 59 %, 15% and 27% respectively. In comparison to the 5 wt% 
MetOH-derived films, the 10 wt% MetOH-derived films increased in Young’s modulus 
by 52% whereas the strength and elongation at break decreased by 7% and 17% 
respectively. The FTIR results indicated that the alcohols oxidised starch molecules to 
form carbonyl groups. Proton nuclear magnetic resonance (1HNMR) confirmed there were 
more molecular interactions between starch molecules with MetOH rather than EtOH. 
The addition of AcA in the processing of starch films was found to cross-link 
starch/glycerol films. It was also found that AcA acted as a plasticiser. The addition of 
5 wt% AcA cross-linked the film the most, and hence resulted in the film having the 
lowest solubility in water. There was significant increase in film elongation by the 
addition of greater than 10 wt% AcA, though not a correspondingly increase in the 
film strength. The addition of AcA, generally reduced the tensile strength of the films. 
The present study has shown that the use of unbleached sugarcane nanofibres 
significantly improves the mechanical properties of starch films more so than 
microfibres, while thermal extrusion of starch film with alcohol improves film 
stiffness and the addition of AcA cross-linked the film reducing water solubility and 
impacted on the elastomeric properties.  
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Research Contributions 
 
The study on the development of starch composites with the addition of sugarcane 
bagasse micro/nano fibre and chemicals has added to the body of knowledge on 
sustainable biodegradable films production by providing the following contributions:  
 Detailed information on the physico-chemical differences between solvent-cast 
and hot-pressed methods used to produce starch-based films. Surprisingly the 
VH-type starch polymorph was observed to be present in hot-pressed films 
produced from the low amylose starch. 
 Improved property changes and effects created by the addition of (raw) sugarcane 
bagasse microfibre to starch films conditioned at 12 relative humidities.  
 Unbleached sugarcane bagasse nanofibres significantly improved the 
mechanical properties of starch films more so than sugarcane microfibers. 
 Improved insight and knowledge of the dual role of aconitic acid as a 
plasticising and a cross-linking agent.   
 The addition of aconitic acid to starch films impacts elastomeric properties to 
the films. 
 Knowledge that thermal extrusion can be used to functionalise starch 
molecules in the presence of alcohols. The use of 1HNMR and FTIR 
techniques to establish molecular interactions between starch molecules and 
alcohols.  
 Data on the property changes and effects of using a low and high amylose starch 
for making films. 
 The use of FTIR to reveal differences in hydrogen bonding capacity between 
the films with fibre and those without fibre.  
 The composite model for the relationship between the ratio of the elongation at 
break of a composite and the volume fraction can be used to predict the extent 
of bonding between nanofibres and starch molecules of a composite. 
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Chapter 1  
Introduction 
1.1. RESEARCH PROBLEM  
It is becoming increasingly evident that non-degradable plastics are doing 
much damage to the flora and fauna as they accumulate in water ways and oceans 
(AMCS, 2013).   Some plastics may be recycled but most are either disposed of into 
landfill sites or incinerated producing CO2 and toxic emissions.  The cost of 
producing non-degradable plastics from fossil fuels, although less than biodegradable 
plastics, is constantly increasing with depleting global supplies and the impact of 
rising oil prices (Salt, 2002).  Therefore, there is an increasing demand to replace 
these materials with biodegradable sustainable materials derived from plant sources 
(Yu et al., 2006).  Starch-based polymers are one such material becoming popular 
because they are perceived as a relatively low cost, and abundant renewable resource 
that can be chemically modified with relative ease (Koch et al., 2010).  However, the 
main problems and limitations of starch-based polymers are: 
 brittle, although very strong at ambient temperature. 
 hydrophilic, absorbing moisture from the air and loose strength. 
 plasticisers added to reduce brittleness increases the hydrophilic nature of the 
polymer. 
 undergo retrogradation (re-crystallisation) becoming brittle and fragile with age. 
Biodegradable plastics are 2 to 10 times more expensive to produce compared 
with non-biodegradable materials, according to the Australian Academy of Science 
(Salt, 2002). In a Queensland Government sponsored trial in 2010 using starch-based 
mulch film, the petroleum based film was costed at $154/acre (low-density 
polyethylene) whereas starch-based mulch films were costed at from $484 (MaterBi) 
to $543 (Biobag Black)/acre (DAFF, 2010). Hence more research is still required to 
develop a simple cost effective method for producing a strong moisture resistant 
biodegradable film.  It was noted that the cost of cleaning up the pollution caused by 
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petroleum based plastics from the environment has not been factored into their 
production cost.   
Plasticiser is typically added to film to improve processing by softening the 
starch-based polymer so that it can be blended and shaped more easily at 
temperatures below the decomposition temperature, Averous and Halley (2009).  
Unfortunately, plasticisers are generally hygroscopic and increase the ability of these 
polymers to readily absorb moisture from the atmosphere then weaken and become 
crystalline.  Lignocellulose fibres on the other hand when added to starch-based 
polymers as fillers have been shown to improve the tensile strength and Young’s 
modulus as well as improve the moisture resistance of these polymers (Alemdar & 
Sain, 2008; Angles & Dufresne, 2000; Averous & Boquillon, 2004; Bhattacharya et 
al., 2008; Chen et al., 2009; Dufresne & Vignon, 1998; Fábio et al., 2003; García et 
al., 2009; Grande et al., 2009; Kumar & Singh, 2008; Lima & Borsali, 2004; Luo & 
Netravali, 1999; Ma et al., 2005; Mathew et al., 2008; Müller et al., 2009; 
Prachayawarakorn et al., 2010; Ramzi et al., 2009; Saiah et al., 2009; Tang et al., 
2008; Teixeira et al., 2009; Vallejos et al., 2011; Wollerdorfer & Bader, 1998).  It was 
the cellulose content of the lignocellulose fibres incorporated into the films that gave 
these improved properties since cellulose is moisture resistant and has high tensile 
strength while also readily bonding with the starch composite matrix.  Cross-linking 
the starch polymer chains may also improve these properties and has been investigated 
by Ghanbarzadeh et al. (2011),  Moad (2011) and Reddy & Yang (2010). 
Sugarcane bagasse is the fibrous lignocellulosic plant residue left from the 
sugarcane milling process. The Australian sugar industry harvests annually 
~35 million tonnes of sugarcane that produces 5 million tonnes of sugar, 1 million 
tonnes of molasses and 10 million tonnes of bagasse (Canegrowers, 2014; 
Canegrowers, 2015). Presently the bagasse is burned as fuel to produce steam and 
electricity for sugar mill operations.  Because there is a surplus of bagasse produced 
it can also be used as a source of reinforcing cellulose fibre with an average tensile 
strength of 222 MPa (Satyanarayana et al., 2009).  Because the infrastructure for 
collection is already in place this makes it more economical to use than other 
lignocellulose fibre sources.   
This project aims to use natural fibres from sugarcane bagasse to improve the 
properties of starch-based polymer films in order to widen their applications.  
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Incorporating sugarcane bagasse microfibres and nanofibres to improve the 
properties of starch-based polymer films by reducing the moisture uptake in humid 
conditions while maintaining the strength, was investigated.  It was anticipated that 
increasing the fibre bonding surface area besides reducing the lignin content will 
further improve the physicochemical properties of these materials. 
There are few reports in the literature that exist about reinforcement of starch-
based film using sugarcane bagasse miro-fibres or pulp-fibres.  In this study, a novel 
approach to improve starch-based film properties was trialled by substantially 
increasing the bonding surface area of sugarcane bagasse fibre.  Untreated natural 
sugarcane bagasse fibre was ball milled down to ~13 µm before being added to the 
starch-based film.  Previously bagasse microfibre had not been sufficiently reduced in 
size to obtain optimal improvements in starch-based fibre film properties. Using 
untreated sugarcane bagasse to improve film properties is more economical and 
commercially favourable than chemical fibre treatment for fibre-film production.   
In the literature to date there have been five articles that reported the 
preparation of nanofibres or nanocrystals from sugarcane bagasse (Bhattacharya et 
al., 2008; Bras et al., 2010; Hassan et al., 2009; Slavutsky & Bertuzzi, 2014; 
Teixeira et al., 2011).  However, Bhattacharya et al. (2008) could not achieve the 
total release of all the individual nanofibres from the bagasse micro-fibrillar bundles. 
In the articles by Hassan et al. (2009), Bras et al. (2010), Teixeira et al. (2011) and 
Slavutsky & Bertuzzi (2014) however, nano-fibre crystals were isolated from 
sugarcane bagasse pulp, by means of bleaching and acid hydrolysis using sulphuric 
acid. Only in 2014 had Slavutsky & Bertuzzi (2014) produced starch-based film 
containing bleached, acid hydrolysed, sugarcane bagasse nano-crystals and 
investigated changes in the water vapour permeability.  To date, there has not been 
any report of starch-based polymer reinforced with unbleached sugarcane bagasse 
nanofibre, which is investigated in this project. Using unbleached nanofibre avoids 
the added costs incurred for the bleaching process, as well as disposal of potentially 
harmful environmental chemicals.   
Crosslinking the starch-based film matrix using alcohols or Tricarboxylic 
alkene acid was also investigated with the view of improving the film properties. It 
was shown by previous research that oxidized starch properties could be improved 
by thermal extrusion with alcohol. However, it has never been shown that the 
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oxidation and subsequent reaction of unmodified starch with alcohol may be 
achieved in a one-step thermal extrusion process. In this project, for the first time, the 
possibility of starch oxidation with alcohol by thermal extrusion is explored. The 
beneficial commercial cost savings for film production are in using a one step 
process instead of two. The use a tri-carboxylic alkene acid (containing a 
carbon/carbon double bond) such as AcA to enhance cross-linking starch-based films 
was also investigated in this study for the first time. 
1.2. RESEARCH OBJECTIVES   
The overarching objective of the project was to develop starch-based 
biodegradable composite materials.  The sub-objectives were to: 
 Investigate the solvent-cast and hot pressed methods of starch-based film 
production determining different features based on physico-chemical and 
thermal-mechanical properties. 
 Prepare and characterise starch-based composite materials using microfibre and 
nanofibre derived from sugarcane fibre (i.e., bagasse).  Examine the physico-
chemical, thermal and mechanical properties of these materials. 
 Examine the properties of starch films produced by reactive extrusion in the 
presence of alcohols. This is to examine whether in situ functionalising of the starch 
polymer will occur, thereby improving the starch film mechanical properties.  
 Prepare, characterise and determine the properties of starch composite films 
produced with aconitic acid, a tricarboxylic alkene acid.  
1.3. SCOPE 
Figure 1-1, is a flow diagram of the relationship between the project objectives 
and the chapters. 
Chapter 2 outlines the background theory of making starch-based plastic film 
as well as key previously published work on lignocellulose reinforce starch-based 
films presented in the literature.  
Chapter 3 describes the preparation of starch films by: the solvent-cast method; 
hot-press method; and thermal extrusion method.  The method used to prepare 
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microfibres as well as nanofibres derived from sugarcane bagasse and the analytical 
techniques used to investigate the film physico-chemical changes were also detailed. 
Chapter 4 details the properties of solvent-cast and hot-pressed starch-based 
composite films containing sugarcane bagasse microfibres, after being conditioned at 
six different RHs.  Differences in the film properties and trends revealed by 
producing films from the solvent-cast method compared to the hot-press method 
were explained based on the different experimental conditions imposed on the 
composite by each method.   
Chapter 5 highlights changes in the film properties with the addition of 
sugarcane bagasse nanofibres through detailed analysis. Differences between the 
reinforcing effects of nanofibres were compared with those of microfibres.    
Chapter 6 describes the property changes of starch-based films created by 
reactive extrusion of high amylose starch using glycerol and different combinations 
of methanol and ethanol, as a possible cross-linking agent.  
Chapter 7 describes the preparation of solvent-cast glycerol plasticised starch-
based film prepared with aconitic acid as a possible cross-linking agent.  Justification 
for performing this investigation was based on evidence of citric acid (CA) acting as 
a cross-linking agent in starch-based solvent-cast films.  
Chapter 8 summarises the conclusions based on the results of the experiments 
assessing if the main goal of achieving a stronger more moisture resistant film in a 
simple economical way was achieved.  Future investigative work based on promising 
results that should be further investigated is outlined.    
 
Page 6 Chapter 1: Introduction 
CHAPTER 2: Literature Review and Theories 
Methods to improve film properties investigated:  types of 
starch/plasticiser; micro‐fibre and nano‐fibre composites; 
reactive extrusion using alcohols; tri‐carboxylic addition for 
CHAPTER 3: Materials and Methods 
Analytical methods and materials common to 
the experimental sections 
CHAPTER 4: Starch composites 
with sugarcane bagasse 
microfibre 
(based on papers) 
Int. Sugar, 2013, 115 (1369)23‐27. 
Industrial Crops, 2012, 40 (0) 45‐54. 
CHAPTER 5: Starch composites 
with sugarcane bagasse 
nanofibre 
(based on papers) 
Int.  Sugar, 2014, 116 (1381) 24‐29. 
Cellulose, 2014, 21 (4), 2695‐2712. 
CHAPTER 6: Thermal 
extrusion of starch 
composites with alcohols 
Thermomechanical 
properties of extruded 
alcohol film 
CHAPTER 7: Starch 
composites with  
trans‐aconitic acid 
Properties including 
solubility and swelling of 
films cross‐linked with 
aconitic acid 
CHAPTER 8: Conclusions and Future Work 
CHAPTER 1: Introduction 
Research problem and project objectives
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 1-1  Flow diagram of the relationship between project objectives and the chapters.                       
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Chapter 2  
Literature Review and Theories 
2.1. STARCH 
2.1.1 Composition 
Starch is produced in plants as the main energy source and can be found in 
wheat, potato, maize, rice, cassava, and pea.  Starch in nature takes the form of small 
granules in the size range from 0.5 μm to 175 μm with varying shapes.  Figure 2-1 
shows SEMs of pea and wheat granules illustrating their different shapes.  
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 2-1  SEM of starch granules (a) pea starch, and (b) wheat starch 
(Averous & Halley, 2009). 
 
Starch is a polysaccharide made up of two types of polymers called amylose and 
amylopectin that both consist of α-D-glucose linked units.  Table 2-1 shows how the 
composition and crystallinity of starch varies between different plant species.  In 
amylomaize there can be up to 80% amylose content and in waxy maize there is 99% 
amylopectin.  There are also traces of lipids, gluten or phosphate that can cause 
problems with starch properties if lipid complexes develop or protein reactions occur.  
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Table 2-1  Composition and characteristics of different starches (Averous & 
Boquillon, 2004) 
 
 
2.1.2 Structure 
Starch granule contains amylose and amylopectin in a semi-crystalline matrix 
with between 19 to 36% crystallinity directly associated with the formation of the 
double helical structure of amylopectin.  Native starch has a radial laminar structure 
with alternating amorphous and crystalline layers as shown schematically in Figure 2-
2. The structure is formed from intermolecular hydrogen bonding between hydroxyl 
groups along with water molecules.  Amylose and the branching areas of 
amylopectin form the amorphous regions in the starch granule.   
 
 
 
 
 
 
 
 
 
 
 
Figure 2-2  Diagrammatic representation of the lamellar structure of a starch 
granule (Donald et al., 1997): (A) Stacks of microcrystalline 
lamellae separated by amorphous growth rings; (B) Magnified 
view of the amorphous and crystalline regions (C) Double helical 
structures formed by adjacent chains of amylopectin give rise to 
crystalline lamellae. Branching points constitute the amorphous 
regions (Tester et al., 2004). 
Starch* Amylose (%) 
Amylopectin 
(%) 
Lipid 
(%) 
Protein 
(%) 
Phosphorus 
(%) 
Moisture** 
(%) 
Granule 
Diameter 
(μm) 
Crystallinity 
(%) 
Wheat 26-27 72-73 0.63 0.30 0.06 13 25 36 
Maize 26-28 71-73 0.63 0.30 0.02 12-13 15 39 
Waxy starch <1 99 0.23 0.10 0.01 n.d. 15 39 
Amylomaize 50-80 20-50 1.11 0.50 0.03 n.d. 10 19 
Potato 20-25 79-74 0.03 0.05 0.08 18-19 40-100 25 
* Determined on a dry basis. 
**Determined after equilibrium at 65% RH, 20oC 
n.d. = not determined 
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The amylopectin molecule is a highly branched macromolecule with a 
molecular weight of 105 to 107.  It is mostly composed of α-(1→4)-D-glucopyranose 
units, with α-(1→6)-linkages at intervals of approximately 22 to 70 glucose units and 
is responsible for the main crystalline character of the starch granule, Figure 2-3.  It 
forms double helices with six glucose molecules per turn as shown in Figure 2-3.   
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 2-3  (a) Chemical structure of amylopectin with α-(1→4)-D-
glucopyranose units and where branching occurs.  (b) The 
schematic model where: DP = degree of polymerisation; 1 = 
compact crystalline area of amylopectin double helix; 2 = less 
compact amorphous area where the branch points are located and 
Ø = reducing moieties (Ball et al., 1996; Carvalho et al., 2008). 
1 
6 4 1 
1 Amylopectin double    
   helix crystal structure 
(a) 
(b) 
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Amylose is a predominantly an unbranched carbohydrate molecule based on 
the α-(1→4)-D-glucopyranosyl structure with a molecular weight of 105 to 106.  The 
amylose molecule can have some branching at the α-(1→6) linkage.  Its structure can 
be either as a single or double helix with six glucose molecules per rotation along the 
α-(1→4) linkage (Carraher, 2007), shown in Figure 2-4.  The amylose left handed 
single helix with six residues per turn commonly forms a V-complex enclosing the 
aliphatic tail of a lipid in the centre making it hydrophobic. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 2-4  (a) Chemical structure of amylose with α-(1→4)-D-glucopyranose 
units, and (b) the single helix amylose structure (Carvalho et al., 
2008). Amylose can be either a single or double helix with six 
glucose molecules per rotation (Carraher, 2007).  The amylose left 
handed single helix with six residues per turn commonly forms a 
V-complex enclosing the aliphatic tail of a lipid in the centre 
making it hydrophobic.  
There are several types of crystalline structures found in native starch: A, B, C 
and V. The A-type of structure is found mostly in cereals with chains in a double-
helix with six glucose units per turn.  Eight water molecules are associated with this 
structure of seven double helices.  The B-type of crystal structure is found in tuber 
plants with high amylose content and also consists of a double-helix with six glucose 
molecules per turn but with thirty six water molecules in the hexagonal system.  The 
C-type structure is considered as a mixture of the A- and B- types (Figure 2-6).  The 
V-type of crystal structure is characterized by a single left helix with six glucose 
units per turn and is characteristic of the single helical amylose-lipid inclusion 
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complex (Figure 2-4).  These complexes are formed in the presence of small 
molecules like iodine or fatty acids although they may not be included in the amylose 
helix (Averous & Halley, 2009).  However, the single helical amylose-lipid inclusion 
complexes are typical V-type structures commonly found, see Figure 2-5.    
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 2-5   Typical A and B type polymorphs (Tester et al., 2004).   
The different types of crystallinity for starch can be observed by the different 
peak patterns of the wide angle x-ray scattering spectrum (diffraction diagram).  The 
intensity of the peaks is a reflection of the degree of crystallisation compared with 
the amorphous non-peak area under the curve (Grondahl, 2003).  Figure 2.6 shows 
the typical x-ray diffraction patterns for the A-, B-, C- and V-type of starch 
crystallinity.    
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 2-6  X-ray diffraction diagrams of maize, potato and pea starch and 
crystallized amylose. The peak positions are characteristic of A-, 
B-, C-, and V-type crystallinity, respectively (van Soest & 
Vliegenthart, 1997). 
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2.1.3 Film preparation 
The formation of plastic films from starch takes place in several processing 
phases depending on the type of plastic film produced.  In the present study two 
processes will be considered for making starch-based polymeric films.  These are the 
‘cast’ method and the ‘thermo-plasticised’ method.   
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 2-7  Gelatinisation of starch granules:  (a) native starch granules 
(b) water diffuses in swelling the granule breaking up amylose 
crystallinity disrupting helices (c) more water with added heat 
creates more swelling causing amylose to diffuse out of the 
granules (d) granules mostly containing amylopectin have 
completely collapsed and are held in a matrix of amylose forming 
a gel (Lai & Kokini, 1991).  
 
In both processes the starch undergoes a gelatinous phase where it is destructured 
and undergoes swelling before the film is formed (Figure 2-7).  Starch is not water 
soluble until heated.  Upon the addition of water the granules swell up as water diffuses 
into them but they do not rupture.  However, as the water content increases inside the 
granule the amylose begins to diffuse out from the crystalline structures and the helices 
become disrupted.  As the temperature rises, the crystalline amylopectin phase begins to 
melt and amylose component continues to diffuse out of the granules while water 
continues to enter and swell the granule.  This process continues until finally the 
granules structure completely collapses with complete melting of the amylopectin 
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crystals (Figure 2-7).  At this stage the amylopectin is held in a matrix of amylose 
forming a gel from which the film can now be formed (Figure 2-7). 
During the gelatinisation stage the starch granules become completely 
destructured and all of the inter-molecular hydrogen bonds are broken.  The 
crystallinity breaks down until the starch has been changed into a completely 
amorphous gel.  After the gelatinisation of the starch, a film is formed as the 
macromolecules begin producing new hydrogen bonds resulting in some 
recrystallisation.  Once the film has been formed, recrystallisation continues to occur 
but at a much slower rate as the macromolecules begin to reorient in a more ordered 
structure. Below the glass transition temperature, Tg, crystallisation does not occur, 
but the crystal structures refine themselves and this is called ageing.  Above the Tg 
crystallisation occurs and is called retrogradation.  The reason retrogradation occurs 
is because the free moving starch polymer chains are at a lower energy state in the 
crystallised form.  In time, crystallisation causes problems because the film becomes 
brittle, fragile, weak and more prone to crack and break. 
2.2 LIGNOCELLULOSE BIOMASS 
Celluloses are the main building material of all plant cells including sugarcane 
bagasse and makes up the largest component of the dry biomass weight. The 
lignocellulose fibre components of sugarcane bagasse are: cellulose 32-55 wt%; 
hemicellulose 23-32 wt%; lignin 19-25 wt% and ash 1.5-5.0 wt% (Faruk et al., 2012; 
Reddy & Yang, 2005; Satyanarayana et al., 2009).  The mechanical tensile properties of 
sugarcane bagasse are: Young’s Modulus 17.9-27 GPa; ultimate tensile strength 222-
290 MPa; and elongation at break 1.1%  (Faruk et al., 2012; Satyanarayana et al., 2009). 
2.2.1 Cellulose structure 
Cellulose is a polymer chain consisting of D-glucose units linked together in a β 
1→4 linkage (Figure 2-8) (Carraher, 2007).  The β-linkage of cellulose produces a 
linear molecule which gives an arrangement where the hydroxyl groups reside on the 
outside of the chain allowing close contact and bond formation between chains.   
 
 
 
 
Figure 2-8  Chemical structure of cellulose β-(1→4)-D-glucopyranose units.  
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Because bonding between and within glucose molecules is so strong, cellulose 
molecules are very strong.  The linear structure of the cellulose molecule with its many 
hydroxyl and oxygen sites causes it to form many hydrogen bonds within the molecule 
itself as well as between the adjacent molecular chains.  These hydrogen bonds give 
cellulose its strong linear rigid crystalline structure (Figure 2-9). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 2-9  Microstructure of wood fibre cell wall: S1, S2, and S3 are the 
inner, middle and outer layers of the secondary wall, respectively 
(Kamel, 2007).   
 
The strength of the cellulose fibre as a reinforcing material comes from the 
inter-molecular and intra-molecular hydrogen bonds from the linear molecules 
making the fibre stiff and rigid forming thread-like structures.  
Natural fibres present a multi-level organization and consist of several cells 
formed out of semi-crystalline oriented cellulose microfibrils.  Each microfibril can 
be considered as a string of cellulose crystallites, linked along the chain axis by 
amorphous domains (Figure 2-10) and having a modulus close to the theoretical limit 
for cellulose.  It is considered that at these ‘spaghetti-like’ amorphous structures 
moisture can be absorbed (Gindl & Keckes, 2005).  The degree of crystallinity of the 
cellulose can vary depending on the amount of amorphous zones found in the 
cellulose fibres which can vary between different plant species.  The degree of 
processing of the cellulose fibres also affects the amount of crystallinity they have.  
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The higher the crystallinity of the filler material the more resistant the composite will 
be towards moisture uptake because there are fewer amorphous areas on the fibre for 
water to be absorbed.    
Nanoscale dimensions and impressive mechanical properties make 
polysaccharide nanocrystals, particularly when occurring as high aspect ratio rod-like 
nanoparticles, ideal candidates to improve the mechanical properties of the 
composite material.  The promise behind cellulose-derived nanocomposites lies in 
the fact that the axial Young’s modulus (derived from theoretical chemistry) is 
potentially higher than that of steel and similar to that of Kevlar (Dufresne et al., 
2008). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 2-10  Schematic diagram showing the hierarchical structure of a semi-
crystalline cellulose fibre (Dufresne et al., 2008).   
 
The Young’s modulus of molecular chains of cellulose is about 250 GPa, see 
Figure 2-11.  When these chains are bound to form nanosized single fibrils their 
Young’s modulus is reduced to 150 – 200 GPa.  This decrease is attributed to the 
drop in crystallinity when crystalline fibres are intertwined together.  Microfibers of 
15 µm diameter size have been shown to have a Young’s modulus of about 25 GPa 
with 48% crystallinity.  Acid hydrolysis of microfibers produces the cellulose 
whiskers or nano-whiskers with a Young’s modulus of 143 GPa.    
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(d) Microfibers 
(10-25 GPa) 
(c) Microfibrils 
(40-70 GPa) 
(b) Whiskers 
(80-143 GPa) 
(a) Cellulose chains (250 GPa) 
(e) Pulp (1-10 GPa) 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 2-11  Schematic representation of cellulose chemical structure and 
microfibrils formation with their Young’s modulus values (Kumar, 
Depan, et al., 2009). 
2.2.2 Hemicellulose structure 
Hemicelluloses, the second most abundant component in lignocellulose plants, 
are heteropolysaccharides whose composition varies between plant species.  They act 
as a matrix material present between the cellulose microfibrils and as a linkage 
between cellulose and lignin (Gröndahl et al., 2003).  The main components of 
hemicellulose are shown in Figure 2-12. 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 2-12  The main structural constituents of hemicellulose (Hansen & 
Plackett, 2008). 
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Hemicellulose is mostly composed of xylan and the core structure consists of a 
linear backbone of β-(1→4)-linked D-xylopyranosyl residues.  Hemicellulose in 
sugarcane bagasse (Figure 2-14) was found to be structurally defined as L-arabino-
(4-O-methyl-D-glucurono)-D-xylan.(Sun et al., 2004)  It is similar to that of 
hardwood hemicelluloses (Figure 2-13) but also has the L-arabinosyl component 
found in the annual plants and cereals (Figure 2-14). 
 
 
 
 
 
 
 
 
Figure 2-13  Structure of O-acetyl-(4-OMe-glucurono) xylan from hardwood 
(Spiridon et al., 2008). 
 
Hardwood hemicellulose consists of multiple linked β-(1→4)-linked D-
xylopyranosyl residues with one 4-O-methyl-D-glucuronic acid per approximately 
10th such residue.  The xylopyranosyl residues are partially acetylated at the C-2 
and/or C-3 (hydroxyl group) positions with a degree of acetylation between 0.6 and 
0.7 in aspen wood, shown in Figure 2-13.   
Hemicellulose of the barley contains arabinoxylans composed of multiple  
β-(1→4)-linked D-xylopyranosyl residues with single L-arabinofuranosyl residues 
connected to the backbone of one or both of the α-(1→2) or α-(1→3) bonds.  One 
unique feature of barley, wheat and rye arabinoxylan is the presence of ferulic acid 
that is covalently linked to the arabinose residue via an ester bond, see Figure 2-14.  
 
 
 
 
 
 
 
 
 
 
 
 
Figure 2-14   Structure of xylan from annual plants (Spiridon et al., 2008). 
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Sugarcane bagasse hemicellulose has a similar composition of a hardwood like 
aspen, but also contains the L-arabinosyl component of cereal plants such as barley, 
wheat and rye, except that it does not have the ferulic acid component found in these 
cereal plants, see Figure 2-15 (Pessoa et al., 1997).   
 
 
 
 
 
 
 
 
 
 
 
Figure 2-15   Structure of sugarcane bagasse hemicellulose based on chemical 
analysis (Pessoa et al., 1997; Sun et al., 2004). 
 
2.2.3 Lignin structure 
Lignin the third most abundant component in lignocellulose material is a 
complex non-linear heterogeneous polymer (Liu et al., 2001). Lignin acts as a glue 
bound to hemicelluloses and between wood cells to provide strength allowing plants 
to grow upward. They also provide the vascular system with the hydrophobicity 
needed for transport of water and solutes (Vanholme et al., 2008).   Lignin is a large 
macromolecule having a molecular mass in excess of 10,000 g/mole. Its structure 
consists of highly cross-linked aromatic skeletons that help to make it hydrophobic, 
see Figure 2-16 (Carraher, 2007).  The lignin inter-unit linkage pattern is relatively 
well known, however, its detailed understanding remains the subject of widespread 
investigation and speculation.  
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Figure 2-16  Typical lignin structure showing the highly aromatic cross-liked 
pattern. 
 
The lignin molecule varies with the type of plant and also within the different 
parts of the plant.   The three main building blocks of lignin are three different 
alcohol monomers methoxylated to various degrees: p-coumaryl alcohol, coniferyl 
alcohol and sinapyl alcohol, see Figure 2-17. 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 2-17  Structure of the three monomer unit types of lignin.  
 
Lignin varies in composition between the different classes of plants with 
grasses, softwoods and hardwoods. Most softwood lignins consist predominantly of 
guaiacyl (G) units whereas the structure of hardwood lignins is more complex due to 
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the presence of both guaiacyl (G) and syringyl (S) units (Guerra et al., 2007). Many 
grasses have mostly G with some p-hydroxyphenyl (H) units that enables them to be 
more flexible. Sugarcane bagasse lignin is a grass lignin and has a high proportion of 
H groups and lower methoxy content than softwood and hardwood.   
2.3. THEORIES OF BLENDS 
2.3.1 Miscibility theory 
The aim of polymer blending is to achieve a new mixed polymer material that 
has the desirable characteristics of the component polymers being blended.  By 
varying the quantity of each component polymer, their physical, chemical, mechanical 
and thermal properties, can be exploited to create a polymer with desired 
characteristics.  The only difficulty with mixing polymers is if they are too chemically 
dissimilar then they will not properly mix together and may only form a heterogeneous 
unmixed system.   
In order for polymers to mix together it should be energetically favourable, that 
is, there should be a reduction in energy from the mixing otherwise it would not take 
place and the two polymers would remain immiscible.  A simple equation based on 
this idea was proposed by Flory-Huggins for polymer/solvent interactions in binary 
polymer systems shown by Equation 2.1 and illustrated in Figure 2-18.   
 
 
 
 
 
 
 
 
 
Figure 2-18  The description of mixing two polymers A and B, where: VA and 
VB are the volumes; nA and nB the moles, respectively and VAB is 
the total mixed volume.  
 
The Gibbs free energy of mixing ( mixG ) needs to be calculated and found to be 
negative if the polymer mixing is favourable at lower energy as determined by 
Equation 2.1:  
 BAABmix GGGG     Eq. 2.1 
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where AG , BG  and ABG  are the Gibbs free energies of polymer A and B in the 
separated state and in the mixed state respectively.  The Flory-Huggins treatment  
determines mixG  as shown by Equation 2.2: 
loctmix GSTG       Eq. 2.2 
 
where T  is the temperature and tS  the translational entropy and locG  the free 
energy of the interactions and motions of the polymers.    
 
Equation 2.2 shows that the decrease in locG  along with an increase in tS  
will lead to a decrease in mixG .  The determination of tS  and locG  are shown in 
Equation 2.3 and Equation 2.4 respectively:  
    BABBAABAt VVnVVnRS lnln        Eq. 2.3 
    CABBAloc vVVVTRG       Eq. 2.4 
where R is the perfect gas constant and Cv  is the molar volume of a reference unit (i.e. 
solvent) common to both polymers (usually Cv  is identified with one of the polymer 
components) and   is the Flory-Huggins interaction parameter.   describes the 
thermodynamic ability of one component to act as a solvent towards another and is usually 
estimated from solubility parameters. Since tS  and locG  can be determined from 
Equation 2.3 and Equation 2.4, then the mixG  can be determined using Equation 2.2.   
2.3.2 Fibre volume fraction 
The properties of short-fibre composites are strongly determined by the 
properties of the matrix and the fibres, as well as the fibre concentration.  The 
composite properties ( compP ) can be predicted using a simple rule of mixtures where 
the property contributions of the matrix ( matrixP ) and fibre ( fibreP ) are determined by 
their volume fractions ( matrixV ) and ( fibreV ) respectively.  This is given by Equation 2.5 
(Dufresne et al., 2008).   
fibrefibrematrixmatrixcomp VPVPP          Eq. 2.5 
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Three conditions need to be met for the strengthening of short-fibre composites 
and these are: (a) composite fracture has to be fibre controlled; (b) modulus of 
elasticity of the fibre should be greater than that of the matrix; and (c) strain to 
failure of the matrix must be greater than that of the fibre. 
In unidirectional (or longitudinal) fibre reinforced composites the stress is 
transferred from the matrix to the fibre by shear.  Being stressed in tension both the 
fibre and matrix elongate equally according to the principle of combined action.  The 
mechanical properties of the composite can therefore be determined on the basis of 
the properties of each component.  There are four stages of deformation of the 
composite (Figure 2-19) (Dufresne et al., 2008). These are: stage I: elastic 
deformation of both fibres and matrix; stage II; elastic deformation of fibres and 
plastic deformation of matrix; stage III: plastic deformation of both fibres and 
matrix; and stage IV: failure of both fibres and matrix. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 2-19    Illustration of four deformation stages of fibres, matrix and 
composite.   
At very low fibre volume fractions, a decrease in the tensile strength is usually 
observed accountable from the dilution of the matrix and the introduction of flaws at 
the fibre ends where there is a high stress concentration, causing the fibre-matrix 
bond to break (Figure 2-20) (Dufresne et al., 2008).  At higher volume fractions the 
stress is more evenly distributed and a reinforcing effect is observed.   A simple 
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Vf min 
σc = σm Vm σc = σf Vf + σ*m Vm 
σc  
mixing rule based on component volumes can be used at all values of strain (ε) for 
determining the stress of the composite ( c ) as shown in Equation 2.6.    
mmffc VV       Eq. 2.6 
 
where f and m  represent the stress value while fV  and mV  represent the volume 
fraction of the fibre and matrix, respectively; and c the stress value of the composite. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 2-20  Diagram for predicting the ultimate tensile strength.  
The fibre volume fraction, fV , where the composite strength stops decreasing and 
begins to increase is called the critical fibre volume fraction, minfV .  Below this 
volume the behaviour of the composite is only governed by the matrix as shown in 
Equation 2.7.  
    Eq. 2.7 
where c  and m  are the ultimate tensile strength of the composite and matrix 
respectively.  Above this value the behaviour of the composite is governed by 
Equation 2.8. 
          Eq 2.8 
where  *m  is the stress on the matrix at a strain value where f  is reached.  minfV  is 
important since the volume fraction of the fibres needs to be above this volume for 
minff VV  mmffc VV * 
mmc V minff VV 
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the fibres to begin to strengthen the matrix instead of weakening it.  minfV  is 
calculated from Equation 2.9:  
*
*
min
mf
mm
fV 


     Eq. 2.9 
Equation 2.9 shows that the critical fibre volume fraction therefore decreases with 
the increasing strength of the fibres for any given matrix.   
When both the fibre and matrix are in elastic deformation the composite 
modulus of elasticity, an important factor, may be determined by Equation 2.10. 
mmffc VEVEE      Eq 2.10  
where cE  , fE  and mE are the modulus of elasticity for the composite, fibre and 
matrix, respectively.  While the fibre is in elastic deformation and the matrix is in 
plastic deformation the equation becomes, Equation 2.11: 
m
m
ffc VVEE 


 
 *
   Eq. 2.11 
where 
 *m  is the slope of the stress-strain curve of the matrix at any given strain 
beyond the proportional limit of the matrix. 
2.3.3 Fibre aspect ratio 
The length (L) and diameter (D) of fibres are important features for determining 
the efficiency of stress transferred from the matrix to the fibres and generally the 
aspect ratio (L/D) is used as a measure of this.  Stress transfer can be increased by 
improving the bonding between fibre and matrix and also the length of the fibres.  
However, long fibres may increase the amount of agglomeration (clumping) resulting 
in poor dispersion of the reinforcing particles within the matrix.  A proposed 
relationship between the critical fibre aspect ratio (Lc/D) where Lc is the critical length 
of the fibre, to the interfacial shear stress ( y ) is shown in Equation 2.12: 
y
fuc
D
L


2
           Eq. 2.12 
where fu is the fibre ultimate strength in tension.  At a constant fu  this equation 
shows an inverse relationship between Lc/D and y  where the critical aspect ratio 
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Lc / 2 
L < Lc L = Lc L > Lc 
decreases as the interfacial shear stress increases, because of efficient stress transfer 
from improved interfacial bonding.  This means for each short-fibre composite 
system there is a critical fibre aspect ratio that corresponds to its minimum value for 
which the maximum allowable stress can be achieved for a given load.  This critical 
fibre aspect ratio is determined by the fibre properties, the matrix properties and the 
quality of the fibre-matrix interface.    
To ensure maximum stress transfer to the fibres before the composite fails the 
fibres need to have a length higher than the critical length Lc (Figure 2-21). If 
L/D < Lc/D that is L < Lc (assuming fibres have the same D) then the fibres are not 
loaded to their maximum stress value.  L < Lc can result in ‘pull out’ of fibres at the 
matrix fracture zone instead of fracture of the fibres because there is not enough 
loading along the fibre length to cause the fibres to fracture.  In other words the 
matrix breaks before the fibre does because the fibre has not made enough bonding 
contact with the matrix to prevent it from pulling out from the matrix.  For optimal 
loading the fibre should be just long enough to prevent pull out, so that both the fibre 
and the matrix break simultaneously at the fracture zone.  A desirable fibre 
L/D = 100 to 200 is to be maintained (after processing) for cellulose fibres for high 
performance short fibre composites. (Dufresne et al., 2008)   
  
  
 
 
 
 
 
 
 
 
 
 
 
Figure 2-21  Variation of the tensile stress in fibre and shear stress at interface 
occurring along the fibre length at the interface (Dufresne et al., 
2008).  
 
The orientation of the fibres also influences the mechanical behaviour of short-
fibre composites because rarely do they orient in a single direction which is 
necessary for maximum reinforcement.   
L 
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2.3.4 Fick’s second law of diffusion 
The kinetics of water absorption of starch-polymer nanocomposites has been 
found to generally follow Fick’s second  law of diffusion, which is given by 
Equation 2.13 (Wan et al., 2009): 
 
 
 


 
 0 2
22
22
12exp
12
181
n
ct
h
tnD
nM
M 
   Eq. 2.13 
where Mt and M∞ are the moisture content at time (t) in hours and at equilibrium (∞), 
respectively. cD  is the composite diffusion coefficient and h  is the sample thickness. 
At short times, i.e., the initial absorption, usually 5.0
M
M t  and Equation 2.13 can 
be reduced to:   
2
1
2
2
1
4 

 
 h
tD
M
M ct
     Eq. 2.14 
Equation 2.14 can be re-written as Equation 2.15: 
2
1
tkM t           Eq. 2.15 
where k is the initial slope of the Mt vs. t1/2 curve shown in Equation 2.16,   
2
1
4 

  
cD
h
Mk                  Eq. 2.16 
where cD  can be calculated. 
2.4. STARCH-BASED POLYMER BLENDS  
There is an increasing environmental problem associated with the durable and 
long lasting plastics from fossil fuels accumulating and not breaking down in the 
environment. The growing demand by the general public to reduce carbon footprints 
and issues surrounding the disposal of fossil-based plastics have led to stringent 
governmental legislations that have driven manufacturers to increase investment in 
biodegradable materials. The global market for biodegradable materials has 
continued to grow, and within the period 2005-2009 growth has doubled in size (Ho et 
al., 2012).  Total consumption of biodegradable polymers is also expected to grow by 
nearly 15% annually from 2012 to 2017 in Asia, Europe and North America. 
(MarketsandMarkets: Global biomaterials Market (2009–2014), 2009; Wright, 2015).  
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High prices and limited applications have led many researchers to focus on the 
production of starch-based polymers, including those reinforced with lignocellulosics 
as biodegradable materials. The commercial viability of producing biodegradable 
starch-based polymers is evident by these being marketed on a commercial scale, by 
trademarks such as: Mater-Bi® (Novamont, Italy); Bioplast® (Biotech, Germany); 
Biopar® (Biopolymer Technologies AG, Germany); Novon™ (produced by Chisso 
in Japan and Warner Lambert in USA) Cardia Bioplastics™ (Cardia Bioplastics Ltd, 
Australia) and Plantic® R1 (Plantic Technologies Ltd, Australia) (Halley, 2005). In 
Australia, Plantic Technologies Ltd. has shown that conventional polymer processing 
equipment can be adapted and used for thermal extrusion to produce commercially 
viable starch-based biodegradable plastics. 
Despite commercialisation of thermoplastic starch products, their properties are 
not satisfactory for many applications, including those for packaging materials. This 
is because thermoplastic starch is soluble in water and has poor mechanical 
properties. One approach is to use plant-based fibres as reinforcement. Unlike 
biodegradable polyesters, the addition of plant fibres to starch improves the 
composite properties, because of the compatibility (due to similarities) between 
starch and plant fibres.  An improvement in moisture resistance is related to the 
‘hydrophobic’ character of the crystalline cellulose component in comparison to 
hydrophilic starch. Another approach to improve starch properties is by mixing with 
a hydrogen bond-forming or a crosslinking agent (e.g., polycarboxylic acid).  In 
some instances effective interactions can also be achieved via reactive extrusion 
where concurrent chemical and physical reactions occur in the presence of additives. 
2.4.1 Microfibre 
It has been reported by several authors that, in general, adding increasing 
amounts of microfibres, in the micron size range with the diameter from 10 to 500 µm 
and the length from 50 to 10,000 µm to plasticised starch based composites, showed 
increasing tensile strength, Young’s modulus and a reduction in strain at break 
(Avérous et al., 2001; Cañigueral et al., 2009; Curvelo et al., 2001; Lawton et al., 2004; 
Ma et al., 2005; Puglia et al., 2003; Saiah et al., 2009; Wollerdorfer & Bader, 1998).   
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Wollerdorfer and Bader (1998) investigated the influence of plant fibres such as 
flax, jute, ramie, oil palm on thermoplastic starch blends. With flax fibre (101 – 
200 µm in length) there was a definite correlation between fibre content and the tensile 
strength. The tensile strength increased four times when 20 wt% flax fibre was added. 
The Young’s modulus followed a similar trend as the tensile strength. However, 
different results were obtained depending on fibre and starch type. The tensile strength 
of Mater-Bi® plasticized starch (a blend of corn-starch and a biodegradable polyester) 
rose by 33% with 15 wt% flax fibre added, but there was no further increase at higher 
fibre content. Wollerdorfer and Bader (1998) were of the opinion that the amount fibre 
added is dependent on the compatibility between the fibre type and matrix.  In fact, 
La Mantia et al. (2008) using wood flour (150 to 200 µm fibre diameter) obtained a 
decrease in tensile strength with Mater-Bi® at a fibre loadings of 15 wt%, and the 
result may well be due to the reasons suggested by Wollerdorfer and Bader  (1998). 
The length/diameter was approx. 2.8 for the wood fibre used by La Mantia et 
al. (2008) and a low aspect ratio is a typical problem for bonding with ground 
lignocellulose fine particles, pointed out by Dufresne et al. (2008).   
Saiah et al. (2009) reported that for thermo-plasticized wheat starch when the 
flax fibre (diameter ~20 µm and length cut to 1,000 µm) content increased from 
0 to 20 wt% (dry wt) the stress at failure and tensile modulus increased from 
3.2 to 8.9 MPa and 135 to 465 MPa, respectively.  Vallejos et al. (2011) reported that 
by incorporating up to 10 wt% delignified sugarcane bagasse pulp (fibre length 
667.3 µm and diameter 17.5 µm) with 30 wt% glycerol and 2 wt% stearic acid into 
thermally extruded corn and cassava starches, there was an increase in tensile 
strength by 44% and 47% respectively. Addition of >10 wt% fibres did not increase 
the tensile strength but instead resulted in a decrease that was attributable to fibre 
agglomeration from poor dispersion.  Using 15 wt% content of bagasse fibre the 
elastic modulus increased by more than fourfold, while the tensile strain decreased to 
less than 30% and 50% for corn and cassava starch composites respectively. Similar 
trends were reported by Prachayawarakorn et al. (2010) while adding cotton fibre 
into thermoplasticised rice starch composites. In all these studies, the improvements in 
tensile strength were not only due to fibre/matrix compatibility but also due to reduced 
fibre diameter. 
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Moisture uptake from the atmosphere by thermoplastic starch was reduced with 
increased fibre addition (Avérous et al., 2001; Cañigueral et al., 2009; Curvelo et al., 
2001; Lawton et al., 2004; Ma et al., 2005).  Curvelo et al. (2001) showed that by 
adding only 16 wt% bleached pulp (~1000 µm long and ~17 µm diameter) into a 
thermo-plasticized corn-starch the moisture uptake for 100% RH at 25 °C was 
reduced from 65 wt% for the unfilled composite to 34 wt% for the filled composite.  
This was attributed to the strong hydrogen bonding between the fibres and the 
hydroxyl functional groups of the starch polymer matrix. It was therefore envisaged 
in this project that grinding untreated sugarcane bagasse fibre down to a very small 
micrometer sized particles (~13 μm diameter) would increase the bonding surface area 
enough to increase fibre/starch matrix bonding that would result in a good stress 
transfer between fibre and matrix, and thus improve moisture resistance and the 
mechanical properties of thermoplastic starch.  
Thermal stability of the reinforced plasticized starch composites was not 
affected very much by the addition of micro-fibres (Alvarez & Vázquez, 2004; 
Dobircau et al., 2009; Ma et al., 2005; Puglia et al., 2003; Saiah et al., 2009).  In 
many cases, such as those cited above, there was only a slight shift of a few degrees 
Celsius in the maximum degradation peaks towards a higher temperature.   
Increasing cellulose crystallinity of the fibre has been shown to increase  tensile 
strength (Averous & Boquillon, 2004). These workers found that reinforced glycerol 
plasticised wheat starch films using highly crystalline (> 99.5%) cellulose microfibres 
in place of de-lignified pulp fibres improved the matrix-filler interface adhesion.  
Pouteau et al. (2003) indicated that lignins (which are less polar than cellulose) present 
on the surface of the pulp fibres, weaken adhesion and load transfer at the starch-fibre 
interface.  Reduced load transfer from the starch matrix to the pulp fibre, would 
therefore reduce the maximum tensile strength of the composite. It was noted the 
possible effects of the lignin content for sugarcane bagasse fibre and how this may 
affect the starch/fibre bonding and overall composite strength. 
One of the important fibre properties for improving the mechanical properties of 
thermoplastic starch blended with natural fibres is the aspect ratio. Averous et al. 
(2001) investigated the effect of aspect ratio (3, 15 and 45) on the mechanical 
properties of the composites using ‘Leafwood’ a highly purified 99.5% cellulose fibre 
(Avérous et al., 2001). The Young’s modulus increased with a larger aspect ratio for 
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the composites up to 15 wt% fibre content thereafter the modulus remained constant. 
The reason given was that the longer fibres at the higher fibre loading intertwined 
resulting in a poorer dispersion and hence a reduced ability for reinforcement. 
However, there was an increase in the maximum tensile strength with an increase in 
the aspect ratio as well as for an increase in fibre content.  Nanofibres have large 
aspect ratios in the ~100 range and so for this project sugarcane bagasse nanofibres 
were prepared and blended with starch and the subsequent composite property 
changes investigated.  
2.4.2 Nanofibres 
Nanofibres, also called microfibrils, having nanosized diameters from 2 nm to 
100 nm and lengths from 1 µm to 1000 µm, have been shown by several authors to 
increase the strength of the composite when added to it (Alemdar & Sain, 2008; 
Dufresne & Vignon, 1998; Sain & Alemdar, 2006; Wan et al., 2009). Due to 
nanofibres having a much smaller diameter than microfibres, nanofibres have a much 
larger bonding surface area.  Films reinforced with small amounts of nanofibre 
(5 wt%) may become stronger than films containing larger amounts (10 wt%) of 
microfibres.  Starch-based composites in this project were prepared using unbleached 
sugarcane bagasse nanofibres to investigated improved properties in composite films, 
which has not been previously published in the literature. 
Only five articles have reported the preparation of nanofibres or nanocrystals 
from sugarcane bagasse (Bhattacharya et al., 2008; Bras et al., 2010; Hassan et al., 
2009; Slavutsky & Bertuzzi, 2014; Teixeira et al., 2011).  However, Bhattacharya et 
al. (2008) could not achieve total release of individual nanofibres from the bagasse 
micro-fibrillar bundles. In the articles by Hassan et al. (2009), Bras et al. (2010)  
Teixeira et al. (2011) and Slavutsky & Bertuzzi (2014) nano-fibre crystals were 
isolated from bleached sugarcane bagasse pulp, by means of sulphuric acid 
hydrolysis. Only recently has Slavutsky & Bertuzzi (2014) reinforced starch-based 
film with bleached, acid hydrolysed, sugarcane bagasse nano-crystals. However in 
this study unbleached sugarcane bagasse nanofibre was used, with the advantage of 
avoiding added costs incurred for the extra bleaching process and disposal of harsh 
chemicals involved.   
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Moisture uptake was reduced linearly with the amount of nanofibre additions 
(Dufresne et al., 2000; Dufresne & Vignon, 1998; Svagan et al., 2009; Wan et al., 
2009).  For example Svagan et al. (2009) showed that adding up to 70 wt% cellulose 
nanofibres derived from bleached sulphite softwood pulp (5 to 50 nm diameter and 
several microns long) reduced the moisture uptake to half the value of the pure 
plasticized high-amylose starch film, at 30% RH. Reasons for the reduced moisture 
uptake were:  the increased tortuous diffusion pathway by the cellulose nanofibres 
physically impeding water molecules; the rigid fibrous network formed by hydrogen 
bonding between adjacent nanofibres constraining the swelling of the amylopectin 
matrix; and the strong hydrogen bonding between nanofibres and the starch matrix 
restricting polymer chain mobility.  It was noted that the nanofibre network was well 
dispersed as shown by SEM. 
Alemdar and Sain (2008) reinforced solvent cast thermal plastic (modified 
potato starch) glycerol films, with nanofibres derived from hydrochloric acid 
hydrolysis of wheat-straw to achieve improved mechanical properties. Films 
containing up to 10 wt% (based on dry wt. of nanocomposite) nanofibres mostly 
30 to 40 nm diameter and 3 to 4 µm long, increased the Young’s modulus and tensile 
strength from 111 to 271 MPa and 4.45 to 7.71 MPa, respectively (144 and 72% 
increases respectively). The improved film mechanical properties were attributed to 
the strong interfacial interactions between the thermoplastic starch and nanofibre. 
These results can be compared with films containing sugarcane bagasse nanofibres in 
this project, since the wheat straw nanofibres had similar diameters (30 to 40 nm), 
aspect ratios (90 to 110), lignin content percent and crystallinity compared to that of 
the sugarcane bagasse nanofibres.   
The thermal stability of nanofibres reinforced plasticized starch composites 
showed only minor improvements.  Alemdar and Sain (2008) found that athough the 
onset degradation temperature at 5% dry mass loss  (To) for plasticised starch and 
wheat straw nanofibre was 275 and 296 °C respectively, the fibre composites showed 
only minor increases (2 or 3 °C) in the maximum degradation temperature (Tmax) for 
fibre composites.  This was in agreement with the small increases in Tmax (3 to 7 °C) 
found by Averous and Boquillon (2004) with addition of lignocellulosic fibre to 
plasticized starch. These results were also compared with films produced in this 
project.   
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Dynamic Mechanical Thermal Analysis (DMTA) that reveals relaxations in the 
polymer matrix with increased temperature, showed significantly improved composite 
thermomechanical properties as the fibre content was increased.  Alemdar and Sain 
(2008) demonstrated that the storage modulus at 30 °C for the unfilled plasticized 
starch composite and that filled with 10% (dry wt.) nanofibres increased from 112 to 
308 MPa respectively.  Tg for composites containing 0 and 10 wt% nanofibres also 
increased from 95 to 139 °C.  Dufresne and Vignon (1998) found that the corresponding 
temperature where the storage modulus noticeably dropped (Tg) of the unfilled 
plasticized starch composite and the composite reinforced with 3.85% (dry wt.) 
nanofibres gave Tg values of  -23 and 107 °C, respectively.  The increase in the 
temperature of where the storage modulus value decreases indicated that the nanofibres 
had increased the stability of the composite, by stiffening it and increasing Tg.  
Diffusivity coefficients for water uptake by the composites (Dc) were found to be 
reduced by fibre additions (Dufresne et al., 2000; Svagan et al., 2009; Wan et al., 
2009).   Svagan et al. (2009) and Dufresne et al. (2000) found the diffusivity 
coefficients for high amylopectin potato starch plasticized or unplasticised with 
glycerol decreased with increasing cellulose nanofibres content.  It was explained by 
Svagan et al. (2009) that the diffusivity was reduced by the additions of the fibres by: 
(1) geometrical impedance of water by the cellulose fibres; (2) swelling constraints due 
to a high-modulus/hydrogen bonded fibre network; and (3) strong molecular 
interactions between cellulose nanofibres and also with the amylopectin matrix.   
Svagan et al. (2009) found that increased amounts of plasticizer caused Dc to 
increase due to the plasticizing effects of glycerol on amylopectin starch.  The 
glycerol frees up the matrix polymers causing Tg to decrease and therefore water 
molecules could more easily diffuse into the matrix hence an increase in Dc becomes 
evident.  However, Dufresne et al. (2000) found the opposite effect, where the Dc 
decreased with an increase in glycerol as plasticizer.  The increased glycerol content 
by lowering the Tg reflects enhanced polymer chain mobility and should result in an 
increase of the diffusion coefficient with glycerol content.  However, the unexpected 
decrease in Dc was apparently caused by a similar effect of low molecular weight 
carbohydrates (dextrin, sucrose and glucose) interfering with water diffusion causing 
a decrease in the Dc of granular starch in proportion to their percentage, Marousis 
et al. (1989). Glycerol being a small molecular weight molecule in a similar way to 
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low molecular weight carbohydrates reduced the Dc value.  The differences in Dc 
were caused by differences in the plasticizer content of the composites and 
differences in the temperature and relative humidity at which Dc was measured.  In 
the case of Svagan et al. (2009) the composite at 33 °C (30% RH) with 50% glycerol 
content would likely be well above the Tg whereas the composite for Svagan et al. 
(2009) at 25 °C (95% RH) with 30% glycerol may be closer to the Tg.  The 
differences in experimental conditions and glycerol content caused the films to 
exhibit different diffusivity characteristics with regard to the glycerol content.   
2.4.3 Alcohols  
Following an exhaustive literature search there seems to be no published work 
that shows experiments where starch without any chemical modification was 
thermally extruded using organic alcohols. Therefore, in this project starch was 
thermally extruded with alcohol(s) to investigate if improvements to the starch film 
properties by in-situ chemical reactions could be achieved.   
Miladinov and Hanna (2001) showed that thermally extruding acetylated starch 
with ethanol did not influence compressibility and the unit density of the extruded 
foam produced, but had a significant influence on the spring indices.  Foam produced 
at 160 °C with 18 wt% ethanol gave the largest increase in the spring index. This 
leads to the possibility of producing films with improved properties by using the 
reactive extrusion method using organic alcohols.  
Zhang et al. (2007) reacted ethanol and methanol with dialdehyde starch to 
form acetals with the alcohols and these modified starches were used for making 
thermal plastic films. The starch derivatives were mixed with water and glycerol 
before being hot pressed to produce a more moisture resistant thermoplastic film with 
improved mechanical properties. The highest tensile strength and elongation at break 
reached 17.5 MPa and 149%, respectively, and the highest humidity absorption was 
about 37%. The alcohol reaction with dialdehyde starch showed that methanol reacted 
much more than ethanol in the degree of acetal formation. The longer carbon chains on 
the alcohol were considered to decrease the reactivity of the hydroxyl groups.  
DeLeo et al. (2010) produced thermo plasticized films by melt-blending into a 
starch/glycerol thermoplastic, small quantities (5 wt% or 15 wt%) of maleated 
polypropylene. The cross-linked starch plastic film was formed by the maleic 
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anhydride groups of the polypropylene reacting with the hydroxyl groups of starch 
during thermal screw extrusion. Solubility and adhesion tests confirm that the cross-
linking between the maleated polypropylene and the starch had occurred. The cross-
linked polymer has the potential for elastomeric applications judging by the low Tg 
(-50 °C) a rubbery plateau extending from room temperature to 170 °C and tensile 
properties in the range of many elastomers. However, slow aging due to starch 
crystallization and glycerol extraction upon water exposure remain two challenges 
that must be overcome before the materials can be used as practical elastomers.  
Desai et al. (2000) showed that starch-based polyurethanes exhibited better 
mechanical properties than polyurethanes containing 1,1,1-trimethylol propane 
(TMP) as the crosslinker.  Swelling behaviour was used to determine the molecular 
weight between crosslinks (Mc). The smaller the molecular weight between 
crosslinks the better the crosslink. Increasing the starch content increased the tensile 
strength and elongation at break as well as the biodegradability.  
Tang et al. (2006) demonstrated significant reinforcement of styrene-
butadienerubber was achieved by the novel modification of starch through the use of 
a resorcinol-formaldehyde and a silane surfactant. The mechanical property 
improvement by the modified starch is comparable with that reinforced by carbon 
black. Dynamic mechanical thermal analysis (DMTA) results showed a lowered Tg 
(improved low temperature properties), a decreased tanδ (predicts a smaller internal 
temperature rise produced by dynamic stress; the increased storage modulus (higher 
hardness) and improved loss modulus (higher tear resistance). 
2.4.4 Tricarboxylic acid   
Ghanbarzadeh et al. (2011) using the solvent cast method, chemically modified 
starch/glycerol films by cross linking the starch polymer with citric acid to produce a 
more moisture resistant and stronger film.  The strength was further enhanced by the 
addition of carboxymethyl cellulose (CMC) fibres. The water vapour barrier property 
and the tensile strength were improved significantly (p < 0.05) as the citric acid 
percentage increased from 0 to 10 wt%. At the level of 15 wt% CMC, the starch 
films showed the lowest WVP values (2.34×10−7 g Pa−1 h−1m−1) and tensile strength 
was significantly increased from 6.57 MPa for the film without CMC to 16.11 MPa 
for that containing 20% CMC. 
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Reddy and Yang (2010) successfully used citric acid as a cross linking agent in 
solvent cast starch/glycerol films. Using 5 wt% citric acid in combination with 
15 wt% glycerol and curing the film at 165-170 °C for 5 min., the film strength 
increased by 150%.  A Solvent test, using water, showed cross-linking occurred in 
the citric acid films, since these films only lost 25 wt% whereas the non-cross-linked 
films without citric acid, lost 75 wt%.  The use of citric acid as a cross-linking agent 
leads to the possibility of cross-linking solvent cast starch/glycerol films by using 
other types of organic acids.  
Yu et al. (2005) used the thermal extrusion method (single-screw) to produce 
starch/glycerol films (30% glycerol) containing citric acid that showed strong 
hydrogen bonding between the citric acid and starch. Although this strong hydrogen 
bonding resulted in citric acid effectively inhibiting starch re-crystallisation and 
moisture uptake, it dramatically reduced the tensile strength from 4.81 to 1.45 MPa 
when 0 and 3 wt% citric acid was added.  The films produced by thermal extrusion 
were so significantly weakened that it was considered impractical to use this method 
to produce a strong cross-linked film with organic acid. Therefore, the solvent cast 
method using an organic acid was the preferred method used in this research to form 
cross-linked films with the best overall improved film properties. 
In this study, ACA, a tricarboxylic acid containing the reactive carbon/carbon 
double bond (C=C) was used with the view to assist in effectively cross-linking 
starch film, producing even more improved properties. 
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Chapter 3  
Materials and Methods 
This chapter outlines the methods used to prepare the materials and films where 
required as well as the analytical methods for characterising the film composites. 
3.1 INTRODUCTION  
Sugarcane bagasse microfibres and nanofibres were prepared in order to assess 
their suitability for use in improving the properties of starch based plastics. The 
morphology (diameter, length, shape) of the fibres were examined by scanning 
electron microscopy.  The aspect ratio of the nanofibres was determined by settling 
experiments using varied concentrations in aqueous solution. Other properties such 
as the composition and crystallinity of the fibres were also examined.   
The solvent cast and hot pressed methods of preparing starch based plastics 
were investigated.  The films produced were examined to determine the differences 
in the physicochemical properties (strength, moisture, crystallinity, glass transition 
temperature, stiffness, thermal stability) that resulted from the different preparation 
method used. FTIR spectroscopy investigation also helped determine any chemical 
changes that may occur.     
Trends in the starch composite properties were examined for statistical 
significance by analysis of variance (ANOVA) where applicable.  
3.2 REAGENTS AND SOLVENTS 
Hydroxypropylated high amylose (80%) maize starch (G939) was supplied by 
National Starch Pty. Ltd. (Lane Cove, NSW, Australia).  Modified (acid hydrolysed) 
potato starch brand named “Soluble starch” (25% amylose content), as well as:  
Potassium sulphate (K2SO4), potassium bromide (KBr), potassium carbonate 
(K2CO3), potassium iodide (KI), sodium bromide (NaBr) and potassium acetate 
(CH3COOK) were purchased from Sigma-Aldrich (St. Louis, MO, USA).  The 
plasticiser, glycerol, was purchased from Merck (Darmstadt, Germany) and was 
added to the starch to produce the film.   
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3.3 METHODS USED FOR FILM PREPARATION  
3.3.1 Solvent cast film preparation method 
Starch (15 g) and glycerol 3.6 g. (24 wt% based on starch weight) for Soluble 
starch or 3.3 g (22 wt% based on starch wt) for G939 starch) were first thoroughly 
mixed together then 450 mL distilled water was added to make an approximate 3 wt% 
suspension.  This mixture was boiled while stirring vigorously for 25 min, ensuring 
total gelatinisation of the starch and was allowed to cool to approximately 75 °C.  The 
resulting hot gelatinous viscous liquid was then cast to form a plastic film by being 
poured into a 24 x 28 mm non-stick tray and allowed to dry in an oven at 65 °C.  The 
concentration of starch was not increased above 4 wt% because the suspension became 
extremely thick during gelatinisation, especially for Soluble starch and higher 
concentrations burned on the beaker bottom regardless of how well stirred.   
Crystallisation of the cast films was avoided by drying these at a temperature of 
65 °C that helped produce an amorphous film (Lafargue, Pontoire, et al., 2007).  It was 
desirable to have an amorphous film so that the degree of crystallinity measured can be 
attributed to other processing conditions or starch properties.  The cast film thickness 
0.30 to 0.35 ± 0.02 mm was thick enough to easily be handled for tensile testing (except 
for films conditioned at 98% RH films because of film softness) and DMTA 
measurement over the range of humidity (Figure 3-1).  Thinner films tended to fall apart 
at higher humidity or easily break at low humidity and could not be tested otherwise. 
 
  
 
 
 
 
 
 
 
Figure 3-1  Cast films of (a) Soluble starch and (b) G939 starch. 
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3.3.2 Hot pressed film preparation method 
Cast films were cryo-crushed (Figure 3-2) (i.e., grinding in liquid nitrogen 
using a mortar and pestle) producing fine particles that were then hydrated to 22 and 
25 wt% moisture for G939 and Soluble starch respectively, then allowed to 
equilibrate 24 h. The crushed cast film material required hydrating so the polymer 
chains would become plasticised enough during hot-pressing to form a uniform film.  
 
 
 
 
 
 
Figure 3-2  Processing cast films by (a) cryo-crushing in a mortar and pestle 
(with liquid nitrogen) and (b) hydrating the crushed film before 
hot pressing.  
 
 Films were made by hot-pressing the hydrated material (between two non-stick 
Teflon impregnated fibreglass sheets) in a brass plate mould (90 mm × 60 mm × 1 mm) 
for 15 min at 120 and 150 °C for G939 and Soluble starch, respectively.  A pressure of 
16 MPa was applied and maintained, even during the cooling period until 65 °C was 
reached to avoid foaming of the film from steam bubbles escaping (Figure 3-3). 
3.3.3 Thermal extrusion film preparation method 
During thermal extrusion the starch/plasticiser mixture is subject to (for a 
short time) a high temperature and pressure, and mechanical shearing action of the 
thermal screw, resulting in the partly crystalline starch granules being converted 
into a homogeneous plastic matrix.  The extent of conversion depends on the 
mechanical shear, temperature profile along the extrusion barrel, residence time, 
pressure, and the plasticiser content.  The term ‘reactive extrusion’ is used in the case 
where a chemical reaction with the starch matrix occurs, assisted by conditions 
inside the thermal screw. Thermoplastic starch was produced by thermal extrusion 
using a co-rotating twin screw extruder Prism (Eurolab, England) (Figure 3-4 and 3-5).  
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Figure 3-3  Hot press film method showing (a) crushed hydrated resin 22 to 
25 wt% moist, (b) hydraulic hot press and (c) hot  pressed film. 
 
The extruder barrel temperature profile was 35/70/100/130/130/120/110/80/80/90 °C 
from the feed to the die.  The screw speed was operated at 100 to 120 r.p.m., which 
gave a residence time of 1.5 to 2.0 minutes and pressure that developed at the die end 
was from 14 to 17 bar.  The screws with a diameter of 16 mm and a L/D ratio of 40 
were equipped with 3 kneading element sections (Figure 3-5). The last section of the 
screw has thickened flutes to develop the shear and pressure required to extrude the 
plasticised starch through the two 1 mm holes in the die.  After leaving the die the 
cylindrically extruded plastic strands were cut into small 4 to 5 mm lengths previous 
to hot pressing.   
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Figure 3-4  Thermal extrusion machine used to produce thermal plastic.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3-5  Thermal extrusion machine with the top removed to expose the 
twin screws showing (a) the overall top view and (b) close up view 
of the kneading, transport and pressure sections of the twin screws.  
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3.4 ANALYTICAL TECHNIQUES FOR FILM ANALYSIS 
3.4.1 Compositional analysis of sugarcane bagasse and nanofibre pulp 
The method for determining the composition of the bagasse and nanofibre was 
based on a modified version of the National Renewable Energy Laboratory (NREL) 
method ‘Determination of Structural Carbohydrates and Lignin in Biomass’ (Sluiter 
et al., 2008a).  In this method the biomass was acid hydrolysed in a two part process.  
The samples were then filtered and the acid soluble lignin was determined from the 
filtrate solution by measuring the UV absorption at a 240 nm wavelength.  The 
hemicellulose and cellulose components were also determined from the neutralized 
filtrate by using HPLC analysis.  The acid insoluble lignin was deduced from the 
residue left after filtration. The ash content was resolved by complete combustion of 
the biomass sample in a muffle furnace operated at up to 575 °C for 3 hours.    
 
3.4.2 Moisture conditioning 
The films produced from casting or hot-pressing were each placed into six 
relative humidity (RH) chambers using aqueous salt solutions of: K2SO4 (98% RH), 
KBr (81% RH), KI (70% RH), NaBr (58% RH), K2CO3 (43% RH) and CH3COOK 
(23% RH) at 23 °C until equilibration was reached, which was between 10 and 14 days 
(Greenspan, 1976). These chemicals were purchased from Sigma-Aldrich (St. Louis, 
MO, USA). 
3.4.3 Moisture analysis 
Moisture content (MC) of the film was determined by drying the films in an 
oven at 105 °C to constant weight.  The weight loss was used to calculate MC wt% 
on a dry basis using Equation 3.4: 
                %100
i
di
C M
MMM              Equation 3.4 
 
where iM  and dM  are the mass of initial and dried samples, respectively. Moisture 
uptake was determined gravimetrically based on the average of four specimens. 
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3.4.4 Diffusivity analysis 
The moisture diffusivity constant (D) was determined from the initial slope of 
the moisture absorption curve derived from 10 mm x 10 mm x 1 mm starch/fibre 
films dried over night in a 100 °C oven being conditioned at 98% RH and 23 °C, 
Equation 3.5 (Angles & Dufresne, 2000): 
 
Equation 3.5 
 
where M∞ is the mass absorbed at equilibrium, h is the thickness of the film and D the 
diffusion coefficient.  At short times Equation 1 can be reduced to Equation 3.6: 
 
Equation 3.6 
 
where at 5.00 
M
MM t ,  the error using Equation 3.6 is on the order of 0.1% 
(Angles & Dufresne, 2000). 
3.4.5 Wide angle X-ray powder diffraction 
The crystallinity of the films will be determined by using a wide angle X-ray 
scattering (WAXS) method.  An X-ray beam bombards a crystalline lattice in a given 
orientation and the beam is scattered in a manner characterised by the atomic 
structure of the lattice.  This phenomenon, known as X-ray diffraction, occurs when 
the wavelength of the X-rays and the interatomic distances in the lattice have the 
same order of magnitude.  Constructive X-ray diffraction occurs only if the path of 
the difference between the X-rays is equivalent to an integer number of the 
wavelength, according to Bragg’s Law, Equation 3.7.   
Equation 3.7 
where n is an integer which defines the order of diffraction,  is the wavelength of 
the X-rays, d  is the distance between atomic planes and   is the angle that the 
atomic planes make with the incoming X-ray beam.   
The intensity of the peak is plotted as a function of twice the angle 2 .  The 
ratio of crystalline material to amorphous material can be measured by integrating 
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the intensity of the crystal diffraction peaks and divide this by the integrated intensity 
of the amorphous diffraction (Grondahl, 2003).  
X-ray powder diffraction (XRD) of the starch films was performed on a 
PANalytical X’Pert-PRO MRD (XL) diffractometer (Almelo, The Netherlands) 
using Cu–Kα1 radiation (λ = 1.5406 Å) and Cu–Kα2 radiation (λ = 1.5444 Å) at 40 kV 
and 40 mA with a divergent slit fixed at 0.5° and a 0.5 mm receiving slit without 
using any monochomator.  The scanning range was between 2θ = 4° and 2θ = 30° 
with a step size of 2θ = 0.0167°.  Wide angle X-ray diffractograms of the starch films 
were made by exposing the film samples cut into approximately 15 mm × 20 m m 
rectangular shapes to the X-ray beam.   
3.4.6 Crystallinity of film composites 
The degree of bulk crystallinity (Xc) of the films was determined using the 
method described for starch films by Dai et al., (2008) using Equation 3.8. 
Equation 3.8 
where cA  refers to the sum of the crystallised peak areas above the amorphous area and aA  
refers to the amorphous area on the X-ray diffractogram  (Figure 3-6).  Müller et al., (2009) 
also used the method of Equation 3.8 to determine the bulk crystallinity of the fibre/film.  
 
 
 
 
 
 
 
 
 
Figure 3-6  X-ray diffractogram of hot-pressed G939 starch/film at 43% RH 
showing the typical B-type polymorph crystalline peak (dark) areas 
protruding above the amorphous (light) areas (van Soest et al., 1996b). 
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The X-ray diffractogram in Figure 3-6 shows the typical mounded area that is 
produced by the amorphous polymer chains within the plastic film whereas the 
crystalline peak areas (protruding above the amorphous curve) represent the crystal 
structures within the film.  
Using the software ‘Traces’ version 3.01 Licensed to UniQuest Limited ("Traces," 
May 1995) the net ‘count’ area for each peak (in brackets) are for 2θ : 5.56 (15400); 
16.90 (237941); 19.56 (123346); 21.60 (573346); 23.70 (21515) and 25.94 (14507).  
The total area from the base line including the crystalline peaks is 6695634 
(counts).  The ∑ peak areas = 469975 (counts) therefore the total bulk film crystallinity 
was determined by (∑ peak areas/total area) x 100% = 469975/6695634 x 100% = 7.0%.   
3.4.7 Crystallinity of sugarcane bagasse fibre  
 X-ray powder diffraction pattern of sugarcane bagasse (retained in 250 µm 
screen) is shown in Figure 3-7, while the pattern for the ball-milled sample passing 
through the 65 µm screen is shown in Figure 3-8.  The diffraction patterns are similar 
with crystalline cellulose peaks located at 2θ  = 15.70°-15.84° (d= 5.64-5.59 Ǻ) and 
2θ = 21.92-22.2° (d= 4.05-4.00 Ǻ) (Subramanian et al., 2005). There is a small 
quartz peak located at 2θ = 26.65° (d = 3.36 Ǻ) for the bagasse pattern. This peak 
increased in intensity with the ball-milled sample.  Another quartz peak at 
2θ = 20.75° (d = 4.26 Ǻ) and an unknown peak at 2θ = 27.82° (d=3.204 Ǻ) were also 
detected in the ball-milled sample. The additional peaks may be due to contamination 
during milling.  
The peak height ratio method was used to determine the cellulose crystallinity 
index (CrI ) using Equation 3.9 (Bansal et al., 2010; Thygesen et al., 2005), 
 
Equation 3.9 
Where CrI is the crystallinity index; ITOT the intensity of the peak near 2θ = 22° 
(representing the crystalline and amorphous material); and IAM  the intensity of the trough 
between the two peaks at around 2θ = 18° (representing the amorphous material). The 
CrI of de-pithed sugarcane bagasse fibre retained on the 250 µm sieve is 76 ±1%, while 
the ball-milled bagasse is 66 ±1%.  This means that mechanical grinding reduces the 
crystallinity of bagasse fibre (Buaban et al., 2010).   
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Figure 3-7  X-ray powder diffraction pattern of the sugarcane bagasse fibre 
retained in a 250 µm screen. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3-8  X-ray diffraction pattern of the sugarcane bagasse fibre after 
ball-milling that passed through the 63 µm screen. 
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Figure 3-9  X-ray diffraction pattern of the sugarcane bagasse nanofibre after 
pulping and refining using the disintegrator and Valley beater 
then screening using a 75 µm screen. 
Figure 3-9 shows the X-ray diffraction pattern of sugarcane bagasse nanofibres 
with increased cellulose crystalline peak height intensities at 16 and 22 (2θ) in relation 
to the reduced amorphous trough height.  This resulted in the CrI  increasing to 
80 ±1% for the nanofibre, which would likely be accountable from the reduction in 
amorphous material content such as lignin and hemicellulose in relation to the 
crystalline cellulose content.  The small slender side peaks are due to silicon/quartz 
presently inherent in the plant material itself, although some trace amount may also 
have carried over from soil contamination despite thorough washing.  
The XRD powder crystalline peak diffraction patterns of starch and fibre 
overlap. Also the cellulose crystalline peaks being so broad and rounded also overlap 
with the broad amorphous-shaped mound of the starch diffractogram.  Determining 
the degree of crystallinity of the bulk starch-based fibre/film, using the sum of 
crystalline peak areas above the broad amorphous starch pattern over the total area to 
the base line (Equation 3.8) will not accurately reflect the true bulk crystallinity, see 
section ‘Crystallinity of Film Composites’ (3.3.6) and Figure 3-6.  Part of the fibre 
cellulose crystalline peak was interpreted as contributing to the starch amorphous 
area and was not included in the bulk crystalline peak area.  For this reason the 
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contribution of the fibre crystallinity cannot be subtracted (on weight basis) from the 
bulk crystallinity to assess the effect of fibre loading on starch matrix crystallinity.  
Despite not having all of the fibre crystallinity accounted for, Müller et al. (2009) used 
the method of Equation 3.8 to determine the bulk crystallinity of the fibre/film. The 
method using Equation 3.8 was also used for the bulk film crystallinity determination 
in the present project acknowledging the fact that the results are qualitative.  
3.4.8 Dynamic mechanical thermal analysis (DMTA) 
DMTA is used to measure the visco-elastic properties of polymers.  The 
sample is deformed by a sinusoidal strain ε as shown in Equation 3.10.   
      ttt o sin         Equation 3.10 
where o  is the amplitude,   is the angular frequency of strain oscillation and t  the 
time, resulting in a stress   as shown in Equation 3.11. 
       ttt o sin    Equation 3.11 
where  to  is the amplitude,   is the angular frequency, t  is time and   the phase 
difference between stress and strain.  These data are used to calculate the modulus, 
separated into the storage modulus E′ and loss modulus E″ shown in Equation 3.12 and 
3.13 respectively. 

 cos'
o
oE       Equation 3.12 

 sin"
o
oE       Equation 3.13 
DMTA is used to investigate thermal transitions of a material by studying the 
changes in modulus as a function of temperature.  The storage modulus E′ and the 
loss tangent tan  shown in Equation 3.14, 
'
"
tan
E
E               Equation 3.14 
can be plotted vs the temperature.  E′ measures the stored energy, representing the 
elastic portion, and E″ measures the energy dissipated as heat, representing the 
viscous portion of the starch polymer (Meyers & Chawla, 1999). At the glass 
transition i.e., Tg the storage modulus decreases and the tan  shows a peak.  
However, many polysaccharides are sensitive to the ambient air humidity and absorb 
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water which softens the material.  This property can be studied by keeping the 
temperature, frequency and amplitude of the induced strain constant and varying RH. 
Dynamic mechanical analyses of starch films were performed on a Rheometric 
Scientific DMTA Mark IV dynamic mechanical thermal analyser DMTA IV 
(Piscataway, NJ, USA) in tensile mode (Figure 3-10).  
The width and the length of the samples were 5.6 mm and 30 mm respectively. 
Samples were clamped at each end in the machine, and tested in tensile mode at 
a constant strain rate of 0.01 % and a frequency of 1 Hz. The range of temperature  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3-10  DMTA analysis showing (a) equipment layout with liquid nitrogen 
for cooling (b) real-time display of graphs on screen (c) sample 
clamped in position under tension. 
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scanned was approximately from –70 to 100 °C at a heating rate of 2 °C/min. A thin 
coating of petroleum jelly was applied to the outside of the film to avoid water 
evaporation during testing that could give excessively high glass transition temperature 
(Tg) values. The instrument was used to obtain besides the storage modulus (E′), the loss 
modulus (E″) that is related to the deformation energy dissipated as heat of friction 
(viscous modulus) and the damping factor (tan δ = E″/E′). The experiments were done in 
duplicate. Tg may be assessed as located at the tanδ peak. 
3.4.9 Thermogravimetric analysis (TGA) 
TGA analysis gives information on the thermal degradation properties of the 
film as it is heated. TGA and differential thermogravimetric (DTG) analyses were 
performed using a TA Instrument Q500 thermogravimetric analyser (New Castle, DE, 
USA) at a heating rate of 5 °C /min from ambient temperature to 800 °C. A nitrogen 
atmosphere with a sample flow of 60 mL/min and a balance flow of 40 mL/min was 
used to avoid the production of unwanted products in the presence of oxygen during 
analysis (Rodriguez et al., 2010), Figure 3-11.  The open pan arrangement allows the  
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3-11  The TA – Q500 TGA instrument used for thermogravimetric analysis 
showing the furnace, thermocouple and open pan with sample. 
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sample film 
directly contacts 
diamond 
nitrogen gas to more effectively purge oxygen from the sample compared to a pan 
with a lid containing a hole. The estimate of the standard deviation (absolute) for the 
TGA technique, based on duplicate experiments is 0.22%. 
3.4.10 Fourier-transform Infrared spectroscopy (FTIR) 
The FTIR spectra were recorded using a Nicolet 870 Nexus Fourier Transform 
infrared spectrometer equipped with a Smart Endurance single bounce diamond ATR 
accessory (Madison, WI, USA).  Using this system, small pieces of polymer film 
were brought directly into contact with the ATR objective crystal using slight 
pressure in order to collect the spectrum (Figure 3-12).  Spectra were collected in the 
spectral range of 4000 to 525 cm-1, using 64 scans at a resolution of 4 cm-1.  The 
absorption spectra of the samples obtained were corrected against a background 
spectral scan that was first performed and subtracted from the FT-IR spectrum.  
Spectra were manipulated and plotted with the use of the Galactic 187 Industries 
Corporation GRAMS/32 software package (Salem, NH, USA). The final FTIR 
spectra were normalised with respect to the distinct peak located at 1150 cm-1 since 
this peak was the least changed among the FTIR spectra for the composites.   
 
 
 
 
 
 
 
 
Figure 3-12  FTIR instrument showing the sample being firmly held against 
the diamond crystal during measurement.  
3.4.11 Tensile testing 
The mechanical properties of the film were measured as a constant rate of 
strain of 1 mm/min for cast film and 10  mm/min for hot-pressed film, was applied to 
the specimen securely held between grips (ASTM, 2008).  The tensile test specimens 
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for cast films were cut into rectangular specimens 6.5 mm wide by 20 mm long, 
while the hot press specimens were punched from the 1 mm film using an ASTM 
standard D 638M (1996) Type M-III dogbone shaped die cutter for tensile testing 
(ASTM, 1996).  The force and strain are measured as the sample undergoes 
elongation and these measurements are used to determine the tensile stress σ, 
Equation 3.15, 
AF      Equation 3.15 
where F is the force and A the cross sectional area of the sample measured before 
testing. The stress needed to break the material σb is defined as the strength at break. 
The strain ε is a measure of the increased length as a percent of the original length. 
The strain at break εb is the maximum strain before the material is broken. The 
Young’s modulus (E) is a measure of the stiffness of the material is defined as the 
initial linear slope of the stress vs strain curve.  
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3-13  Tensile testing by putting strain on a specimen held in the soft 
grips of the Instron machine, using a 100 Newton load cell.   
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These specimens were conditioned at relative humidities (23%, 43%, 58%, 
70% and 81%) at 25 °C to constant weight between 10 and 14 days.  An Instron 4505 
tensile testing machine (High Wycombe, UK) equipped with a 100 N load cell was 
used to measure the tensile strain (Figure 3-13 and B-3).  The grip separation speed 
was set at 1 mm/min for all cast film tensile measurements and 5 mm/min for hot-
pressed film measurements. Soft grips were employed to help prevent the delicate 
starch polymer specimens from being crushed or damaged by the machine grips. 
Tensile testing was performed on a minimum of five specimens averaged for each 
humidity condition.   
3.4.12 Statistical analysis 
Analysis of variance (ANOVA) and tests of significance using Minitab® 16.1.0 
(State College, PA, USA) was used to determine the least significant interactions at a 
confidence level of 95%.  Results where applicable were expressed as means and 
standard deviations from at least duplicate measurements.  Statistical analyses for the 
FT-IR results were from single experiments. 
3.5 COMPOSITIONAL ANALYSIS OF SUGARCANE BAGASSE FIBRE 
The procedures used for compositional analyses of the bagasse samples were 
based on those reported by the National Renewable Energy Laboratory (NREL) 
(Sluiter et al., 2008b).  The NREL procedure for structural carbohydrates and lignin 
determination uses a two-step acid hydrolysis process to fractionate bagasse into 
glucose, xylose, arabinose, organic acids, acid-insoluble lignin, and acid-soluble 
lignin. The sugars were quantified using HPLC, the acid-insoluble lignin determined 
by gravimetry, and the acid-soluble lignin determined by UV-vis spectroscopy. The 
results were expressed as an average of two measurements. The organic acid contents 
of the hydrolysed samples were not analysed. 
3.6 SUGARCANE BAGASSE MICROFIBRE PREPARATION  
Sugarcane bagasse was collected from Racecourse Sugar Mill (Mackay, QLD, 
Australia).  It was washed with approximately 30 litres/kg of tap water to remove 
residual sugar and dirt and air dried to constant weight.  The air dried bagasse was 
screened by passing it through a wire mesh sieve of an aperture size of 4 mm.  This 
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process resulted in the removal of the pith (i.e., parenchyma cells) component (40 wt% 
of bagasse) and some ash components, leaving behind the fibres, Figure 3-14 and B-2. 
The screened bagasse was milled in a Retsch SM100 cutting mill (Haan, Germany) 
and screened through a wire sieve with an aperture size of 250 µm.  The sieved 
material was further processed in a “FRISCH PULVERISETTE” 6 planetary ball 
mill (Idar-Oberstein, Germany) and screened using 63 µm and 35 µm sieves.   
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3-14  Natural sugarcane bagasse: (a) as received from the sugar mill, 
and after washing; (b) screened out fine pith material; (c) raw de-
pithed bagasse fibre used to produce microfibre; and (d) ball 
milled bagasse microfibre.  
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3.7 SUGARCANE BAGASSE NANOFIBRE PREPARATION 
3.7.1 Pulping sugarcane bagasse  
Pulping sugarcane bagasse is the initial step required towards producing 
nanofibres since the microfibrils become more easily mechanically separated from the 
pulp fibre once the binding component contents, such as lignin, are reduced.  Initially 
the bagasse was delignified using the ‘soda’ pulping method with a liquor/fibre ratio of 
12:1. In this process, de-pithed, cleaned and air dried sugarcane bagasse (4 to 10% 
moisture) was weighed out to 1200 g and pre-treated with 210 g of NaOH dissolved in 
4 L of water, which was poured onto the bagasse and left to soak for half an hour.  This 
pre-treatment helped initiate the breaking down of lignin in the bagasse fibres.  
Afterwards, the pre-soaked bagasse and NaOH solution was charged into an 18.5 L 
‘Parr’ batch reactor along with 8.75 L of water (Figure 3-15 and B-4).   
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3-15  High pressure Parr reactor used for pulping sugarcane bagasse. 
The Parr reactor’s heavy strong pressure lid was tightly bolted onto the 
pressure vessel and the temperature sequentially stepped up (preventing ceramic 
insulation cracking) by the reactor’s 3 electrical heating elements, until 170 °C was 
reached, at 106 psi gauge pressure. The time to reach operating temperature was 
approximately 45 to 50 minutes. The bagasse was maintained at operating 
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temperature for 70 min to complete the soda pulping process.  The reactor is cooled 
by ambient tap water flowing through cooling coils located inside the reactor pulp 
slurry solution and takes from 55 to 65 min before safe to open with no pressure 
inside. The final step after draining the black liquor out the bottom of the reactor was 
to remove the digested bagasse and wash it several (usually 4) times with water until 
the rinse water extracted ran clear, free of the brown lignin colour.     
3.7.2 Nanofibre preparation from sugarcane bagasse pulp 
The nanofibres were produced using the paper refining treatment method for 
sugarcane bagasse pulp.  The bagasse pulp was diluted to a 1.57 wt% aqueous slurry 
solution and placed in a disintegrator (mechanical blender) operated at 
~7,500 rev/min for 10 min to break up the pulp fibre (Figure 3-16).  The final step 
was recirculating the disintegrated pulp slurry through a machine called a ‘Valley 
beater’ that further mechanically shredded the fibres between a metal rotor and stator 
head that have bars with very small clearance (1 mm or less) (Figure 3-16).  The 
Valley beater was operated for approximately half an hour, after which the Canadian 
Standard Freeness test (Tappi standard number T 227) reached 240 ml (Technical 
Association of the Pulp & Paper Industry, 2009) that is when only 240 ml water 
from 1 L of pulp slurry passed through the screen.  The bagasse cellulose nanofibres 
greatly impede the drainage of water at this point and further refining was 
discontinued since it would likely damage the stator and rotor surfaces of the beater 
through excessive wear.   
The last step was to separate the nanofibres from the larger pulp fibres.  The 
refined slurry was diluted to a solids concentration of 0.10 wt% and poured into a   m 
diameter (80 L) vessel having an impeller inside with a 200 mesh (74 μm) stainless 
steel screen on the bottom (Figure 3-17).  The dilute slurry, as it was agitated by the 
impeller, continuously flowed by gravity through the fine screen carrying nanofibres.  
Simultaneously, a flow of water equivalent to that being drained out was added to the 
top of the vessel to maintain a constant fluid level. The liquid that initially drained 
from the tank had a misty appearance because of the presence of nanofibres.  However, 
this liquid flow became clear after nanofibre separation reached effective completion, 
since few if any nanofibres were then being extracted.  For each 80 L run of 0.1 wt% 
solids solution, 160 L were required to be drained from the tank before  
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(a) 
(b) 
 
 
 
 
 
 
 
 
 
Figure 3-16  Sugarcane bagasse un-bleached pulp slurry mechanically treated 
using: (a) the disintegrator and (b) ‘Valley’ beater. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3-17  Separating nanofibres from a dilute solution of mechanically 
treated unbleached sugarcane bagasse pulp by gravity, through a 
fine mesh, while constantly agitating the solution.   
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nanofibre extraction was complete. The buckets used to collect the nanofibres were 
left to settle overnight.  Fibres were concentrated by sedimentation and the clear top 
water was decanted off.  The thick remaining nanofibre slurry was further de-watered 
by vacuum filtration.  This final vacuum filtration step was very time consuming 
because the nanofibres greatly restricted the flow of water through the filter. The 
resulting soft moist nano-pulp was kept refrigerated to prevent microbial degradation 
and placed into waterproof plastic bags to prevent moisture loss. The nano-pulp 
needed to be kept relatively ‘wet’ because if the fibres became dry they would 
become permanently tightly bonded together and become almost inseparable.    
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Chapter 4  
Starch Composites with Sugarcane 
Bagasse Microfibre 
The aim of Chapter 4 was to investigate the ‘solvent-cast’ and the ‘hot-pressed’ 
methods of starch film preparation to determine the most appropriate method to 
prepare the starch-fibre film.  After assessing the two methods the films containing 
milled sugarcane bagasse fibre were prepared and characterised after conditioning at 
different relative humidities. The physicochemical and mechanical properties were 
determined through moisture uptake, diffusivity, crystallinity, glass transition 
temperature (Tg), thermal properties, molecular structure, and tensile tests.  Fourier 
Transform infrared (FT-IR) spectroscopy investigation helped determine any 
chemical changes that may have occurred, while Scanning Electron Microscopy 
(SEM) assisted to determine physiological features of the fibre/film.  Trends in the 
starch composite properties were examined for statistical significance by analysis of 
variance (ANOVA) where applicable.  
4.1 INTRODUCTION 
Although limited work has been done on the use of bagasse fibres to reinforce 
starch-based materials, Vallejos et al. (2011) showed that by incorporating 10 wt% 
of delignified bagasse fibre (length 667.3 µm, diameter 17.5 µm) with 30 wt% 
glycerol and 2 wt% stearic acid into thermally extruded  corn and cassava starches, 
there was an increase in tensile strength from 44% and 47% respectively.  Addition 
of more than 10 wt% fibres did not increase the tensile strength but instead resulted 
in a decrease that was attributable to fibre agglomeration as a consequence to poor 
dispersion in the matrix.  
Complementing the work of Vallejos et al.,(2011) this study reports on the 
preparation and properties of composites derived from Soluble potato starch and 
G939 starch with milled natural bagasse fibre.  As the fibre particles have an 
increased surface area to volume ratio than that used by Vallejos et al., (2011) it was 
envisaged that there may be an improvement in starch-fibre bonding.  
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4.2 EXPERIMENT 
Cast and hot pressed films were made as outlined in (Chapter 3) section 3.2.1 
and 3.2.2 respectively. The films containing microfibre were made by incorporating 
the fibre at the initial boiling/gelatinizing stage during cast film preparation. The 
microfibre was weighed out as a percentage based on the starch weight.  Fibre films 
containing 5, 10 and 20 wt% bagasse microfibre (made using 15 g of starch) would 
have 0.75, 1.50 and 3.00 g of microfibre added respectively.  All of the microfibre 
films were formed by hot-pressing (Chapter 3 section 3.2.2) the cryo-crushed cast 
fibre/film.  All films produced were conditioned at 98, 81, 71, 58, 43 and 24 RH% 
(Chapter 3 section 3.3.2) prior to any analysis.   
4.2.1 Film preparation temperature 
The need to hot press soluble starch at 150 °C compared with 120 °C for 
hydroxypropylated starch, G939 may be explained by the bulky hydroxypropylated 
groups (attached to the C2 carbon) on the amylose backbone chain reducing 
hydrogen bonding between adjacent chains due to steric interference (Figure 4-1).   
Hydroxypropylated starch is prepared by reacting starch with propylene oxide 
to low levels of etherification with a molar substitution of 0.1 being common 
(Chaléat, 2008; Tuschhoff, 1986). The hydroxypropyl groups mostly link to the 
C2 carbon with smaller amounts on the C3 and C6 carbons on the amylose chain 
(Figure 4-1).  Soluble starch polymer chains however, are hydrogen bonded more 
strongly to one another since there are no bulky groups on the polymer chains to 
keep them apart other than from the moisture added to hydrate the films. This means 
that soluble starch requires a higher temperature to lower its viscosity in order for the 
polymer chains to flow and allow the formation of a uniform film.   
 
 
 
 
 
 
 
 
Figure 4-1  The G939 hydroxypropylated starch polymer chain showing 
hydroxypropylation at the C2 carbon position on the amylose chain. 
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4.3 RESULTS FROM MICROFIBRE PREPARATION 
The size of the bagasse particles was estimated using a FEI Quanta 200 Environmental 
scanning electron microscope (Hillsboro, OR, USA). A representative sample of 
microfibres was carefully applied to sticky black tape and several SEM photos were 
taken, Figure 4.2. The method for determining the bagasse particle length and width 
(diameter) size distribution involved carefully measuring from the A3 size print the 
length and diameter of the bagasse particles SEM (Figure 4-2). Using a digital 
micrometre the measurements for more than 200 fibre particles was converted to the 
actual particle size by dividing these values by the measured scale on the A3 print then 
multiplying by the actual scale value. The frequency of the particle diameters and the 
aspect ratio per diameter were estimated (length 21 to 27 µm, diameter 14 to 12 µm, 
aspect ratio 1.7 to 2.0) from the sizes of bagasse particles (Figure 4-3 and 4-4). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4-2  Scanning electron micrograph (SEM) photo of sugarcane bagasse 
microfibre after ball mill treatment. 
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Figure 4-3  Diameter size frequency distribution of ball milled sugarcane 
bagasse microfibre. 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4-4  Aspect ratios of ball milled sugarcane bagasse fibres. 
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4.4 RESULTS FOR CAST AND HOT-PRESSED FILMS 
The X-ray diffractogram for untreated Soluble and G939 starch granules 
reveals that both starches have the same B-type crystal structure (Figure 4-5).  The 
crystallinity was also found to be 37 ±0.8% and 23 ±0.6% for Soluble starch and 
G939 starch respectively.  
The first step in forming polymer films from starch granules is to ensure that all 
crystal structures found in native starch have been completely destructured to allow the 
starch polymer chains to hydrogen bond with one another to form the polymer film.  A 
gel sample taken from each of the two starch type slurries after 30 min boiling was 
freeze dried and tested by examining the X-ray diffraction pattern (Figure 4-6) (i.e. after 
treatment of starch granules). Results showed there is no crystallinity since no crystalline 
diffraction peaks are present in the diffraction pattern  (Figure 4-6).  Only the gentle 
mounded diffraction pattern was evident, the result of the amorphous (non-crystalline) 
polymer chain structure which is in contrast to the many crystalline peaks shown in the 
untreated native starch (Figure 4-5).  The complete loss of crystallinity indicates that 
boiling the 4 wt% starch slurry for 30 min is sufficient to totally destructure both 
Soluble starch and G939.  The totally amorphous starch gels produced from boiled 
starch solutions were used to form the solvent-cast starch films. If any crystallinity 
develops in the film it could then be attributable to the conditions imposed on the films. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4-5  X-ray diffractograms of (a) Soluble starch and (b) G939 starch 
granules (untreated) used for preparing the films.  
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Figure 4-6  X-ray diffractograms of freeze dried gelatinised (a) Soluble starch 
and (b) G939 starch showing they are both totally amorphous 
having no crystalline structures (after the boiling treatment).  
4.4.1 Moisture uptake  
Table 4-1 and Table 4-2 (interaction of two variables) and Appendix A: 
Table A.1 (the original data) shows the moisture content and the degree of 
crystallinity results for the films at different RH values.  The hot-pressed films have 
slightly lower moistures (~5.5%) than the cast films.  G939 cast films absorbed more 
moisture (~8.5%) than the Soluble starch cast films, despite having a higher amylose 
content; a result that contradicts the findings by Ke et al., (2003) who reported that 
starch with 50% or more amylose content reduced moisture uptake than those with 
higher percentage amounts of amylopectin.  A low amylose starch was expected to 
absorb more moisture because of the branched (amorphous) nature of amylopectin, 
even though it makes up the bulk of the crystalline region.  In the present study, 
although starch G939 is a high amylose starch, its bulky hydroxypropyl groups in 
G939 may have caused, due to steric hindrance, the amylose polymer chains to bond 
more loosely together allowing increased water-binding ability (Figure 4-1). The 
ANOVA statistical method using the linear model takes the averages for the results 
and determines if the variability is statistically significant (p>0.5). 
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Table 4-1  Moisture crystallinity and thermal mean properties of processed 
films 
Variable Moisture      (%) 
Crystallinity 
      (%) 
 To  
(°C) 
Tmax 
(°C) 
Film     
Cast 20.1a 5.6b 246.2b 311.9b 
Hot-pressed 19.0b 13.6a 264.4a 313.7a 
Starch type     
G939 20.4a 7.6b 245.4b 319.5a 
Soluble 18.8b 11.5a 265.2a 306.1b 
Relative Humidity     
98% 40.0a 20.0a 260.0a 312.5a 
81% 25.6b 11.9b 259.5a 311.8a 
70% 18.9c 9.3bc 253.8a 313.0a 
58% 14.0d 6.4bc 260.8a 313.3a 
43% 11.4d 5.3c 244.5a 312.8a 
23% 7.6e 4.4c 253.3a 313.5a 
*Figures under each property with the same letters are not significantly different (P > 0.05).  
 
As expected, irrespective of the film, moisture uptake increased with increasing 
RH, a result that agrees with published studies.  Van Soest et al., (1996a) obtained a 
value of 25–30 wt% moisture with  plasticized starch containing 30 wt% glycerol stored 
at 90% RH.  The Van Soest et al.(1996a) moisture results compare reasonably well with 
the moisture results observed at 81% and 98% RHs of 26% and 40% respectively in this 
study (Table 4-1).  There was no significant difference between the moisture contents 
obtained at 43% and 58% RH (Table 4-1) as found similarly for Chaléat et al. (2008). 
4.4.2 Crystallinity 
From the main effects, hot-pressed films were more crystalline (2 ×) than cast films 
(Table 4-1). As explained above, the cast films were further heat-moisture treated to 
form the hot-pressed films. During the heating stage, the viscosity of the film is 
reduced allowing the starch polymer chains greater freedom to flow, reorganise and 
align, and recrystallize during cooling.  Because of the low temperature involved 
when materials are in the glassy state, where molecular changes are minimum if not 
non-existent, cryo-crushing or milling is not expected to affect the film chemistry 
(Mahasukhonthachat et al., 2010).  
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Table 4-2  Interactions on two variables of mean data film properties* 
Variable  Moisture     (%) 
Crystallinity 
      (%) 
 To  
 (°C) 
Tmax 
 (°C) 
Film Starch type     
Cast G939 21.4a 4.5c 233.2b 318.5b 
Hot-pressed G939 19.2b 10.8b 257.7a 320.5a 
Cast Soluble 18.8b 6.6bc 259.2a 305.3d 
Hot-pressed Soluble 18.8b 16.3a 271.2a 306.8c 
Film Relative Humidity     
Cast 98% 40.4a 16.0ab 252.5ab 312.0abc 
Hot-pressed 98% 39.5a 24.0a 267.5a 313.0abc 
Cast 81% 26.1b 8.3bcd 252.0ab 310.5c 
Hot-pressed 81% 25.2b 15.5abc 267.0a 313.0abc 
Cast 70% 19.6c 5.1cd 245.5ab 311.5bc 
Hot-pressed 70% 18.2cd 13.5bc 262.0a 314.5ab 
Cast 58% 14.1de 1.8d 254.0ab 313.5abc 
Hot-pressed 58% 13.8de 11.0bcd 267.5a 313.0abc 
Cast 43% 12.3ef 1.1d 226.0b 312.5abc 
Hot-pressed 43% 10.5efg 9.5bcd 263.0a 313.0abc 
Cast 23% 8.3fg 1.0d 247.0ab 311.5bc 
Hot-pressed 23% 6.9g 7.9bcd 259.5a 315.5a 
Starch type Relative Humidity     
G939 98% 42.1a 24.5a 244.0abc 318.5a 
Soluble 98% 37.8a 15.5ab 276.0a 306.5b 
G939 81% 26.3b 8.9bcd 246.5abc 317.0a 
Soluble 81% 25.0b 15.0abc 272.5ab 306.5b 
G939 70% 19.1c 7.8bcd 245.0abc 320.0a 
Soluble 70% 18.8c 10.8bcd 262.5abc 306.0b 
G939 58% 14.6cd 5.4bcd 260.0abc 320.5a 
Soluble 58% 13.3d 7.4bcd 261.5abc 306.0b 
G939 43% 11.9de 4.5d 236.0c 320.5a 
Soluble 43% 10.9de 6.1bcd 253.0abc 305.0b 
G939 23% 8.2e 3.8d 241.0bc 320.5a 
Soluble 23% 7.0e 5.1cd 265.5abc 306.5b 
*Figures under each property with the same letters are not significantly different (P > 0.05). 
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Table 4-1 shows a higher proportion of crystals are present in the Soluble 
starch films (34%) than those present in G939 films. As mentioned above, the 
Soluble starch has higher amylopectin than G939, which is a high amylose starch 
with hydroxypropylated groups.  Since amylopectin constitutes the crystalline region 
while amylose constitutes the amorphous region, the results obtained with the films 
are not unexpected. 
The crystallinity of the films reduced with decreased RH, and the films were 
essentially amorphous at low RH, for example at 23% RH (Figure 4-7 and 4-8).  The 
trend of reduced crystallinity with reduced RH agrees with the results of Rindlay-
Westling et al. (1998) and Lafarague et al. (2007).  Lafargue et al. (2007) suggested 
that if the rate of dehydration was faster than the rate of crystallization, then there is 
not enough water or time for the starch chains to align and crystallise.  However, in 
the present study the cast films took up to 36 h to dehydrate and the starch polymer 
would have had enough time to recrystallise. It is plausible that the drying 
temperature of 65 °C allowed the polymer chains to remain at high vibrational 
energy states preventing the association and alignment of the chains for 
recrystallization.  As the films dry the polymer chains become connected via 
hydrogen bonding.  This bonding restricts chain mobility and prevents recrystallisation 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4-7  X-ray diffraction patterns of hot-pressed soluble starch polymer 
films. 
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even after cooling down to ambient temperature since the Tg is above ambient.  
However, if the films adsorbed enough moisture from the air, the Tg will be lowered 
to below ambient temperature and recrystallization will occur. 
Starch has different types of crystalline phases; A-, B-, C- and V-types 
depending on commodity and processing conditions (Carvalho et al., 2008).  The 
B-type structure is found in roots and tubers, a group that potato belongs, while 
cereals, a group that maize belong, exhibit the A-type pattern.  The B-type consists 
of a double-helix with six glucose molecules per turn and 36 water molecules in the 
hexagonal system.  It is the most prominent type found in both the starch polymers as 
is evident by the x-ray peak at 2θ = 17°, 22.1° and 23.8° along with the weak peaks 
at 2θ = 5.5°, 10.8°, 14.8°, 19.3 and 26.1° (1996b) (Figure 4-8).  In general, the B-type 
structure was more prominent at higher RHs.  This showed that water, as expected, 
had a strong plasticizing effect on starch films, allowing the polymer chains to have a 
larger ‘free volume’ to move freely, reorganise and recrystallise or undergo 
retrogradation as discussed above (Chaudhary et al., 2009; van Soest & Vliegenthart, 
1997).  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4-8  X-ray diffraction patterns of hot-pressed G939 hydroxypropylated 
starch films. 
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The weak peak at 2θ = 12.58° (Figure 4-8) is characteristic of the VH 
crystalline structure and this was observed in the hot-pressed G939 starches stored at 
70 and 81% RH.  The formation of the VH-type polymorph, the single helical 
amylose structure, could be induced by hot pressing starch films (Chaudhary et al., 
2009; van Soest & Vliegenthart, 1997).  
4.4.3 DMTA  
DMTA was used to determine the Tg, the storage modulus (E'), and the loss 
modulus (E").  DMTA was the preferred method for determining the Tg of the films 
rather than using DSC since the heat capacity change for starch polymers was quite 
low at the Tg for plasticised starch and too difficult to ascertain (Averous & 
Boquillon, 2004). The damping factor; tan δ = E"/E' gives a peak which is the phase 
transition associated with Tg (Figure 4-9 and Figure 4-10).  There were two Tg values 
for the starch films since glycerol was used as the plasticiser, and is partially 
immiscible with the starch matrix.  The higher temperature Tg corresponds to Tg1 for 
the starch-rich phase in the polymer matrix, whereas the lower temperature Tg 
corresponds with Tg2 for the glycerol-rich phase. Tg1 is considered the more 
important glass transition temperature since it is associated with the 
thermomechanical properties of starch films.  
As shown in Table 4-3 the moisture content plays a very important role in the 
Tg values of the starch films regardless of the processing method used. In all cases, 
the hot-pressed films showed elevated Tg1 values compared to their corresponding 
cast films.  The Tg2 values were elevated for the hot-pressed films equilibrated at 
98% RH compared with the cast films for both starches equilibrated at the same 
98% RH.  However, there was a decrease in the Tg2 values associated with both hot-
pressed starches equilibrated at 58% RH. However, there was a decrease in the Tg2 
values associated with both hot pressed starches equilibrated at 58% RH.   
The elevation of the Tg1 values for the hot-pressed films is because of increased 
crystallinity, where the crystalline domains are effectively forming cross-links 
between the amorphous regions preventing chain mobility and causing film 
stiffening (Stading et al., 2001).  This crystallinity causing film stiffening is also 
assumed to be the reason for the increase in Tg2 values for the hot-pressed films at 
98% RH compared to the cast films under the same 98% RH.  The E' values of the  
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Figure 4-9  DMTA curves for soluble starch cast film conditioned at 98% RH. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4-10  DMTA curves for G939 starch cast film conditioned at 98% RH. 
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hot-pressed films at 58% and 98% RH are also higher (except for the G939 film at 
58% RH) than the cast films confirming their greater stiffness (Rodriguez et al., 
2010).  In summary, the higher Tg means that hot-pressing is likely to improve the 
processability of starch polymers. 
Table 4-3  Glass transition temperatures and storage modulus from DMTA 
  Relative  Soluble starch films  G939 starch films 
Humidity 
(%) 
Tg2 
(°C) 
Tg1 
(°C) 
E' @ 25°C 
(MPa) 
Tg2 
(°C) 
Tg1 
(°C) 
E' @ 25°C 
(MPa) 
Cast films       
98 –65 ±1.5 –21 ±1.6 15.6 ±0.20 –43±1.8 –25 ±1.6 6.08 ±0.06 
58 6.3 ±1.4 46 ±1.2 71.8 ±13.0 3.8 ±1.2 38 ±1.2 486 ±25.0 
Hot pressed films      
98 –48 ±1.6 –17 ±1.4 23.6 ±1.6 –39 ±1.1 –18 ±1.2 6.36 ±0.06 
58 –12 ±1.3 58 ±2.6 503 ±25.0 –3.7 ±1.2 47 ±1.1 342 ±26.0 
 
 
The reasoning behind the glycerol-rich phase glass transition temperatures (i.e., 
Tg2 are lower for both hot-pressed starch types equilibrated at 58% RH compared to 
the corresponding cast films) is not known (Table 4-3).  For Soluble starch, it may 
simply be a case of differences in moisture and lower E' values.  The hot-pressed 
soluble starch moisture content is ~1.5 units higher than the cast film.  For the G939 
films the explanation appears not so simple because both the moisture and E' values 
are higher in the hot-pressed samples.  It may be due to the transfer of glycerol from 
the starch-rich crystalline domain to the amorphous glycerol-rich region of the matrix 
as similarly described by Mathew and Dufresne (2002).  The increased ‘free’ 
glycerol in the glycerol-rich phase as noted by Averous et al. (2000) would increase 
the mobility of glycerol molecules causing a decrease in the Tg associated with the 
glycerol rich phase.  The complexity of the crystal structure and the proportions of 
starch polymorphs may also have contributed to the results obtained for these 
systems. The B-type polymorph, based on its structure, will bind water inside of the 
crystal structure making it unavailable to the amorphous starch matrix and may 
reduce the amount of water in the amorphous region. 
As mentioned previously, there was a significant difference in the degree of 
crystallinity between cast films and hot-pressed films.  The difference can be 
explained in terms of the Tg and moisture content during the processing stages.  Cast 
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films when first dried are expected to be totally amorphous.  Only after the films 
absorbed enough moisture causing the Tg to shift below ambient temperature, does 
retrogradation and an increase in crystallization become evident.  For the hot-pressed 
films, because the granulated cast starch film material is hydrated, the Tg is below 
ambient temperature before during and after hot-pressing. It is during the hot-
pressing period that crystallization occurs (Table 4-1). 
4.4.4 TGA  
Tables 4-1, 4-2, 4-4 and Appendix A: Table A.2 (the original data) shows the 
thermal properties obtained from the thermal degradation of the starch films.  
Figures 4-11 and 4-12 show the gravimetric mass loss for soluble starch and G939 
hot-pressed films respectively, both conditioned at 58% RH.  The DTG thermograms 
are also shown in Figures 4-11 and 4-12.  Soluble starch degradation, after water 
loss, is essentially a one stage process with up to 75% mass loss at <400 °C. 
However, G939 has multiple degradation steps as shown by the shoulders on the 
DTG curves.  This is due to the fragmentation of the hydroxypropyl groups being 
removed from the C2, C3 and C6 positions of the amylose structure (Figure 4-1).  
The maximum rate of weight loss for these shoulders occurs at 252 and 286 °C.  As 
shown in Table 4-4, the initial thermal decomposition temperatures (To) of Soluble 
starch films are higher than those of the G939 films.  The reverse is true for the 
temperature at maximum rate of weight loss (Tmax) which is up to 13 °C higher for 
G939 films.  Therefore, at higher temperatures G939 films are more unstable than 
soluble starch films. 
As shown in Table 4-4, hot-pressing increased the To and Tmax values of the 
films relative to solvent casting.  This increase in thermal stability is because the hot-
pressed films are more crystalline. Increasing the RH had no significant effect 
(p>0.05) on the To and Tmax values. 
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(a) 
Table 4-4  Thermal properties of processed films 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4-11  Thermal decomposition curve of hot-pressed soluble starch film 
conditioned at 58% RH.  
Relative 
Humidity 
(%) 
 Soluble starch films G939 starch films 
Moisture 
% (wt) 
To*
(°C) 
Tmax* 
(°C) 
Moisture 
% (wt) 
To* 
(°C) 
Tmax* 
(°C) 
Cast film       
98 38.6 ±3.4 274  306  42.3 ±3.8 231  318  
81 24.5 ±2.5 272  305  27.6 ±2.4 232  316  
70 19.2 ±1.9 259  305  20.1 ±2.0 232  318  
58 12.6 ±1.3 253  306  15.5 ±1.4 255  321  
43 11.0 ±1.0 236  305  13.5 ±1.2 216  320  
23 6.8 ±0.9 261  305  9.7 ±1.1 233  318  
Hot pressed film      
98 37.0 ±3.3 278  307  42.0  ±3.6 257  319  
81 25.4 ±2.1 273  308  25.0 ±2.3 261  318  
70 18.4 ±1.7 266  307  18.0 ±1.6 258  322  
58 14.1 ±1.3 270  306  13.6 ±1.3 265  320  
43 10.8 ±1.0 270  305  10.2 ±1.1 256  321  
23 7.2 ±0.9 270  308  6.7 ±0.8 249  323  
Note:  * error of measurement ±1 °C. 
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(b) 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4-12  Thermal decomposition curve of hot-pressed G939 starch film 
conditioned at 58% RH. 
 
4.4.5 FTIR  
The FTIR absorption spectrum (Figure 4-13) gives an indication of the 
functional groups associated with the starch film since each functional group 
produces an associated absorption peak.  These peaks correspond to the bond energy 
and the peaks located at higher wavenumbers are higher in bond energy and 
concomitantly those at lower wavenumber are lower in bond energy.  Sometimes the 
peaks move to higher or lower wavenumber associated with higher or lower bond 
energy shifts respectively, depending upon the influence of inter and intramolecular 
polymer bonding.   
 The very broad band between 3100 cm-1 and 3600 cm-1 (Figure 4-13) is due to 
hydrogen bonded OH groups that participate in complex O─H vibration stretches of 
free inter- and intramolecular molecular bound OH groups in starch (Jiang et al., 
2011; Kim et al., 2003; Wu et al., 2010).  The O─H stretching vibration of water 
also occurs in this region (Kim et al., 2003; Wu et al., 2010).  The peak around 
2924 cm-1 is characteristic of ─CH2 asymmetric and symmetric stretching (Jiang et 
al., 2011; Kim et al., 2003).  The peaks at 1646 cm-1 and around 1330 cm-1 to 
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1029 
1450 cm-1 are assigned to δ(O─H) bending of water and C─H bending of CH2 
respectively (Mano et al., 2003a).  The bands around 1150 cm-1 and 1076 cm-1 are 
attributable to the C─O stretching vibrations of C─O─H groups (Jiang et al., 2011; 
Wu et al., 2010).  The bands at 1029 cm-1, and 999 cm-1 were attributable to the C─O 
bond stretching vibration of the C─O─C group in the anhydroglucose ring (Dai et 
al., 2008; Jiang et al., 2011; Wu et al., 2010).  Between 1500 cm-1 to 1200 cm-1 there 
is an overlapping of the C─H in-plane and O─H bending, so it is difficult to 
distinguish the different absorption peaks in this part of the spectrum. The starch also 
has a prominent band at 926 cm-1, C─O─H bending and CH2 related modes (van 
Soest et al., 1995), which is sensitive to water and a characteristic index of 
hydrophilicity of starches (Jiang et al., 2011).  The 857 cm-1 peak is related to 
C─O─C symmetrical stretching and C─H deformation (van Soest et al., 1995).  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4-13  FTIR spectrum for G939  cast film conditioned at 58% RH.  
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Figure 4-14  FTIR spectra for soluble starch cast films.   
 
FTIR peak absorption heights are influenced to a large degree by the moisture 
content of the films (Figure 4-14).  As the moisture content increased so too did the 
height of all the absorption peaks.  This is because of the major influence of 
hydrogen bonding from water affecting the bonding structures of the polymer matrix.  
The broadening, shifts and increase in absorbance intensity of ~3250 cm-1, 
~1650 cm-1 and ~1015 cm-1 peaks is evident of the increased number of oscillation 
modes associated with the C−OH bond due to the increase in moisture of the films 
(García et al., 2009). 
The designated bands can vary in wave number depending on the type of starch 
and the chemical composition of the starch.  The influence of additives such as water 
and glycerol, which hydrogen bond to the starch matrix may cause a weakening of 
the functional group bonds in starch.  Subsequently, this causes a shift of the 
functional group stretching bands towards a lower wavenumber (peak frequency) 
(Berthomieu & Hienerwadel, 2009).  The lower the wavenumber (peak frequency) is 
shifted, the stronger the interaction of the hydrogen bonding between the starch 
functional group and the additive (Dai et al., 2008).   
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Table 4-5  FTIR spectral peaks of processed films 
Relative 
Humidity 
(%) 
Soluble starch films  G939 starch films 
O─H  
(cm-1) 
C─O  
(cm-1) 
O─H  
(cm-1) 
C─O  
(cm-1) 
Cast film     
98 3269 1003 3275 1007 
81 3275 999 3278 1005 
70 3278 996 3279 1001 
58 3273 994 3282 999 
43 3278 994 3291 999 
23 3285 993 3282 995 
Hot pressed film    
98 3277 1003 3276 1014 
81 3274 999 3271 1005 
70 3276 996 3276 1001 
58 3275 995 3285 999 
43 3276 994 3286 997 
23 3278 993 3286 996 
 
Of interest is the C─O bond stretching vibration of the C─O─C group in the 
anhydroglucose ring, where there is a general shift towards a lower wavenumber (up 
to 18 cm-1) with decreasing RH, for all films (Tables 4-5).  Van Soest, et. al. (1995) 
observed this same trend for changed moisture in potato starch noting that the 
C─O─H bending frequency bond around 994 cm-1 moves to a higher wave number 
and is especially sensitive to the water content.  He attributed that these changes are 
due to the C─O─H bending vibrations being involved in a water-starch interaction 
by intramolecular hydrogen bonding (van Soest et al., 1995).  This shift is more 
pronounced with G939 samples compare to Soluble starch samples, probably 
indicating that at stronger H-bonding among hydroxypropylated starch, glycerol and 
water.  The trend observed for the O─H band was less distinctive (especially the hot-
pressed soluble starch films) (Table 4-5 and Figure 4-15 and 4-16).  
Glycerol has a strong C─O bond stretching peak at 1017 cm-1 as evident in 
freeze dried gelatinised soluble starch and G939 samples and will merge with the C─O 
bond peak (located between 993 cm-1 to 999 cm-1) of starch film as water content 
increases (Figure 4-15 and 4-16).  The joining of the peaks results in a shift of the 
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starch C─O peak to a higher wavenumber (Figure 4-15).  In summary, there appears to 
be no noticeable differences between FTIR spectra of cast and hot-pressed films.   
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4-15  FTIR spectra for hot-pressed G939 starch films.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4-16  FTIR wavenumber variations with moisture for hot-pressed G939 
starch films for: (a) O─H stretch and (b) C─O stretch peaks.  
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The conclusion of the results have shown that hot-pressed films are twice as 
crystalline as cast films, are stronger (i.e., higher E'), higher Tg and are slightly more 
thermally stable.  There was a slight reduction in moisture uptake with hot-pressed 
films. On the basis of these results, starch-bagasse films were prepared by the hot-
pressed processing method. 
4.5 RESULTS FOR STARCH-BAGASSE FIBRE FILM 
The NREL composition of fibre is shown in Table 4-6 along with crystallinity, 
which indicates ball milling decreased the crystallinity of the fibre but otherwise the 
composition showed little change compared to the original bagasse (de-pithed) fibre.  
 
Table 4-6  Composition of sugarcane bagasse fibre 
Component  
(wt%) 
Bagasse  
(de-pithed) 
Bagasse  
microfibre 
Bagasse  
nanofibre 
Cellulose 40.8 41.5 65.7 
Lignin 24.8 28.4 10.0 
Hemicellulose 26.3 24.1 18.5 
Ash 5.7 4.0 6.7 
Total 97.6 98 100.9 
Crystallinity 76% 67% 80% 
 
4.5.1 Moisture uptake  
Table 4-7, 4-8 and Appendix A: Table A-3 and A-4 (original data) shows the 
amount of moisture adsorbed, film crystallinity and the thermal decomposition 
temperatures, To and Tmax.  As expected the moisture uptake increases as the RH 
increases (Table 4-7 and 4-8).  However, increasing the bagasse fibre content 
improved the film’s resistance to take up moisture by up to 15% (cf., Table 4-7), 
although the improvement was marginal for increasing fibre content from 10 wt% 
to 20 wt%.  Prachayawarakorn et al. (2010) also found that water absorption was 
reduced with starch-cotton fibre films because of the less hydrophilic character of the 
fibres compared to those of starch. 
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The moisture uptake overall was ~15% lower with soluble starch films 
containing fibre than those without fibre.  A similar but not as large a decrease in the 
moisture result was obtained with G939-derived films.  However, the Soluble starch-
fibre films, as was observed with the films without fibres, are more water resistant than 
those made from G939-fibre films (Table 4-7 and 4-8).  The most probable explanation 
for the higher moisture uptake by G939 based films, as discussed previously, is probably 
due to the bulky hydroxypropylated groups sterically hindering bonding between the 
amylose polymer chains and fibre, thereby allowing water molecules to hydrogen 
bond with the polymer chains.   
The exception to the trend is that moisture uptake at 98% RH was higher with 
the starch/fibre film compared to the starch-only films. In this case, the fibre-matrix 
bond is weakened by excessive water present to the extent that it allows water to 
track along the hydrophilic fibre surface more easily into the starch matrix.  At lower 
RH, the amount of moisture uptake was less for films with fibres since the fibre 
matrix bond is very strong.  In summary, there are some benefits with regard to 
moisture resistant with starch films reinforced with bagasse fibre.   
Table 4-7 Moisture crystallinity and thermal properties of starch/fibre films 
Variable Moisture (%) 
Crystallinity 
(%) To (°C) Tmax (°C) 
Fibre loading     
0% 19.0a 13.6b 264.4a 313.7b 
5% 17.8ab 9.1c 258.8b 315.8b 
10% 16.6bc 17.1a 255.6b 319.2a 
20% 16.0c 16.4a 258.2b 316.9ab 
Starch type     
G939 18.2a 12.2b 251.1b 321.0a 
Soluble 16.5b 15.9a 267.4a 311.8b 
Relative Humidity     
98% 41.9a 25.2a 260.4ab 317.1a 
81% 22.5b 16.4b 261.6a 316.1a 
70% 15.6c 13.0c 259.4ab 317.6a 
58% 11.4d 11.5cd 259.4ab 316.4a 
43% 8.1e 9.8cd 258.6ab 315.1a 
23% 4.7f 8.4d 255.9b 316.0a 
*Figures for each property having the same letters are not significantly different (P > 0.05). 
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Table 4-8  Interaction of two variables for moisture, crystallinity, To and 
Tmax of microfibre/film  
Variables Moisture (%) 
Crystallinity 
(%) 
To 
(°C) 
Tmax 
(°C) 
Bagasse Starch     
0% G939 19.2a 10.8cd 257.7bc 320.5ab 
0% Soluble 18.8a 16.3ab 271.2a 306.8d 
5% G939 19.1a 7.2d 246.7d 322.7a 
5% Soluble 16.6ab 10.9cd 270.7a 309.0d 
10% G939 17.6ab 14.0bc 247.8d 322.2a 
10% Soluble 15.7b 20.1a 263.3b 316.2c 
20% G939 16.9ab 16.6ab 252.3c 318.5bc 
20% Soluble 15.1b 16.2ab 264.0b 315.3c 
Starch Relative Humidity     
G939 98% 47.5a 21.9b 242.8f 321.5a 
Soluble 98% 36.3b 28.4a 278.0a 312.8bc 
G939 81% 22.4c 15.5cd 255.0de 320.3a 
Soluble 81% 22.6c 17.2bc 268.3b 312.0c 
G939 70% 15.5d 10.9defg 254.5de 322.8a 
Soluble 70% 15.7d 15.0cde 264.3bc 312.5bc 
G939 58% 11.2e 9.0fg 255.3cde 321.3a 
Soluble 58% 11.6e 14.0cdef 263.5bc 311.3c 
G939 43% 8.0ef 8.3g 250.8e 319.8ab 
Soluble 43% 8.2ef 11.3defg 266.5b 310.5c 
G939 23% 4.6f 7.1g 248.5e 320.3a 
Soluble 23% 4.8f 9.6efg 263.3bcd 311.8c 
*Figures for each property having the same letters are not significantly different 
(P > 0.05). 
 
4.5.2 Diffusivity  
The results of the diffusivity analysis are shown in Table 4-9 are similar to 
results reported by Angles and Dufresne (2000) as there is a slight reduction in D 
with lower dosages of fibre.  This reduction in D may be caused by the way the 
fibres are aligned allowing moisture to be channelled more easily into the film. 
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Table 4-9  Average diffusivity constants* for films conditioned at 98% RH 
Soluble starch G939 starch  
 
Fibre loading 
(wt %) D (cm
2 s-1) x 109 Fibre loading (wt%) D (cm
2 s-1) x 109 
 
 
0.0 2.20 0.0 1.16  
5.0 1.72 5.0 0.97  
10.0 1.87 10.0 1.06  
20.0 1.96 20.0 1.24  
  * Error in analysis ±6%  
4.5.3 Crystallinity  
Tables 4-1, 4-2, 4-7, 4-8 and A-3 indicate that the bulk crystallinity for all 
starch/fibre films is greater than those of starch films without fibre. The exception is 
for the fibre/films containing 5 wt% microfibre that showed crystallinity the same or 
less than the 0 wt% hot-pressed films (Table 4-7 and 4-8).  The reduced crystallinity 
for 5 wt% fibre films may be due to film stiffening (indicated by the high Young’s 
modulus, Table 4-11 & 4-12) by the fibre bonding with starch polymer chains, 
preventing crystal formation. It should be noted that the method of calculation for 
starch-fibre films using Eq. 3.8 could lead towards lower crystallinity since part of 
the broad cellulose peaks may be interpreted as part of the amorphous area of the X-
ray diffractogram.  Unfortunately, the broad crystalline peaks of cellulose at 2θ = 16° 
and 22° (Bansal et al., 2010; Thygesen et al., 2005) overlapped with film matrix 
crystalline peaks at 2θ = 17° and 22.1°, making it impossible to separate the 
crystallinity of the bagasse from the bulk sample using Eq. 3.8. The increased bulk 
crystallinity for the starch-fibre films may be due to the inherent (cellulose) 
crystallinity of the fibre marginally increasing the starch crystalline peak areas.  
However the fibres may be acting as a nucleating agent promoting crystal formation.   
This is despite the lower moisture content which should have reduced 
retrogradation.  Also, if the bagasse fibres are bonded to the starch matrix (as will be 
shown later  to be the case by SEM) the film will be more rigid thereby increasing the 
Tg, further preventing crystallization of the matrix (Vallejos et al., 2011). Vallejos 
et al. (2011) showed that the Tg increased as bagasse fibre was increased in starch films.  
As shown in Table 4-7, at the highest RH (i.e., 98%) the crystallinity is 25% 
indicating that recrystallization occurred because of the very high moisture 
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content (42%). This is due to the plasticizing effect of the water molecules in the film, 
lowering the film Tg.  From the interactions between RH and method of processing 
(not shown), the results obtained with G939 and Soluble starch films contradicts this 
observation as the former have higher water content than the latter.  Again, the 
influence of the bulky hydroxypropylated groups being the overriding factor. 
As in the case with starch films, the starch-fibre films possess the B-type 
polymorph, evident by a strong peak at 2θ = 17° and a weak peak at 2θ = 5.5° 
(Figure 4-17 and 4-18). There were also increases in the proportion of the B-type 
with increasing moisture content.  The VH-type polymorph (2θ = 12.98°) was also 
observed in many of the films as evident in all of XRD diffraction patterns of the 
Soluble starch-fibre films containing 20 wt% fibre conditioned from 23 to 98% RH 
(Figure 4-17).  The reason for the presence of VH-type polymorph is not known, 
although it may be related to the fact that for this starch-fibre composition a higher 
processing temperature was required and so  more heat is retained prior to and during 
hot-pressing, and could have induced phase transitions to the VH-type. 
 
 
  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4-17  X-ray diffraction patterns of soluble starch/fibre films containing 
20 wt% fibre. 
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Figure 4-18  X-ray diffractograms of G939 starch/fibre films containing 
20 wt% fibre.  
4.5.4 TGA 
Figure 4-19 and 4-20 give the thermal decomposition curves of Soluble starch 
and G939 starch fibre/films respectively, with both containing 20 wt% fibre and 
conditioned at 58% RH. For the Soluble starch films containing fibre, thermal 
degradation, after water loss, is essentially a two stage process with a prominent 
shoulder at 274 °C.  This peak is also present in the multi-stage decomposition of 
G939-bagasse films and has been shown to be associated with the thermal 
decomposition of the hemicellulose component of bagasse (Maliger et al., 2011).   
Table A-4 presents the To and Tmax values for these films.  These values drop 
with increasing fibre content.  Soluble starch-bagasse films have higher To values 
than the G939-bagasse films, similar to the results obtained with the starch films 
without fibre (Table 4-4).  Also, the To values for the starch-fibre films are lower, 
than those of the hot-pressed starch films of Table 4-4.  This is because of the 
contribution from the relatively unstable hemicellulose component of bagasse.  
Fibre addition however noticeably increased Tmax for Soluble starch films but showed  
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Figure 4-19  Thermal decomposition curve of soluble starch/fibre film containing 
20 wt% fibre equilibrated at 58% RH.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4-20  Thermal decomposition curve of G939 starch/fibre film containing 
20 wt% fibre equilibrated at 58% RH.  
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only a few °C increase for 5 and 10 wt% fibre additions, then a slight decrease 
to Tmax for 20 wt% fibre containing G939 films.  Conditioning the films at different 
RHs generally did not affect the To and Tmax values, although the  maximum 
difference between samples conditioned at 23% RH and those at 98% RH was 7 °C.  
As such, increasing the moisture content in the films did not influence their thermal 
stability.  
4.5.5 FTIR  
The FTIR absorption spectrum (Figure 4.24) gives an indication of the functional 
groups associated with the reinforcing sugarcane fibre material. The 3340 cm-1 peak is 
for the O−H stretch of inter- and intramolecular interactions; the 2891cm-1 peak is for 
C−H stretching of methyl groups; the C=O carbonyl peak near 1728 cm-1; near 
1602 cm-1 is the aromatic ring stretch associated with lignin; at 1241 cm-1 is the C−O 
absorption of acetyl groups; at 1160 cm-1 the C−O stretch. The ratio (1098 cm-1/900 
cm-1) is the amorphous to crystalline cellulose ratio (Kumar, Mago, et al., 2009). The 
Si−O stretch peak at 1042 cm-1 associated with quartz does not show up possibly 
because it is in small amounts (Majdzadeh-Ardakani & Nazari, 2010). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4-21  FTIR spectrum for sugarcane bagasse used as fibre filler material.  
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Table 4-10  FTIR absorption peaks of hot-pressed starch-bagasse fibre films 
Relative 
Humidity  
(RH %) 
Soluble Starch  G939 
O─H vib. st. 
Wavenumber 
(cm-1) 
C─O vib. st. 
Wavenumber 
(cm-1) 
O─H vib. st.  
Wavenumber 
(cm-1) 
C─O vib. st. 
Wavenumber 
(cm-1) 
fibre 0 (wt%) 
98 3283 1003 3288 1014 
81 3281 999 3285 1005 
70 3277 996 3286 1001 
58 3278 995 3288 999 
43 3278 994 3290 997 
23 3282 993 3287 996 
fibre 5 (wt%) 
98 3286 1006 3296 1016 
81 3284 1000 3290 1005 
70 3278 997 3287 999 
58 3280 995 3289 999 
43 3281 995 3286 999 
23 3281 995 3289 999 
fibre 10 (wt%) 
98 3285 1006 3290 1014 
81 3281 1000 3287 1007 
70 3278 996 3287 1001 
58 3281 995 3289 999 
43 3282 993 3288 997 
23 3277 992 3288 997 
fibre 20 (wt%) 
98 3289 1005 3293 1014 
81 3282 1001 3289 1017 
70 3279 997 3287 1000 
58 3283 995 3288 998 
43 3283 994 3288 998 
23 3280 992 3289 998 
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The FTIR spectrum of the starch polymer films reinforced with sugarcane 
bagasse fibre are virtually unchanged from the previous unfilled starch films 
(Figure 4-22 and Table 4-10). The peak absorption heights were similarly increased 
as the film moisture content increased showing increased bonding activity.   The 
broadening and increase in absorbance of the 3250, 1650 and 1015 cm-1 peaks is 
evident of the increased number of oscillation modes associated with the C-OH bond 
due to the increase in moisture of the films (García et al., 2009).  However the peak 
near 995 to 1005 cm-1 associated with the C─O bond stretching vibration of the 
C─O─C group in the anhydroglucose ring seems to increase in height from 23% RH 
to 81% RH but then decreased at the 98% RH (Dai et al., 2008; Jiang et al., 2011; 
Wu et al., 2010). This could be from the increased amount of hydrogen bonding 
occurring due to moisture broadening the peak and reducing the height.   
As was the case with starch the band at 897 cm-1, C─O─H bending and CH2 
related modes (van Soest et al., 1995) is sensitive to water and a characteristic index 
of hydrophilicity of starches (Jiang et al., 2011). The 832 cm-1 peak is related to 
C─O─C symmetrical stretching and C─H deformation (van Soest et al., 1995). The 
C─O bond stretching vibration of the C─O─C group show a similar increase in 
wave number, for both starch types with increased humidity (moisture) regardless of 
fibre content (Figure 4.23 and 4.24; Table 4.10).  This was the same type of result for 
the non-fibre films previously reported.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4-22  FTIR spectra for G939 starch/fibre films containing 20 wt% fibre.  
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Figure 4-23  FTIR spectra for hot pressed soluble starch films containing 
20 wt% fibre.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4-24  FTIR wavenumber variations with moisture of hot-pressed 
soluble starch films containing 20 wt% fibre for: (a) O─H stretch 
and (b) C─O stretch peaks.  
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(b) 
To show the differences between the shift in the wavenumber between 992 cm–1 
to 1016 cm–1 for starch films with and without fibre a plot of moisture uptake and 
wavenumber was made for Soluble starch with no fibre and containing 20 wt% fibre 
(Figure 4-25). As was the case with starch films without fibres, the peak associated 
with the C–O stretching vibration of the C–O–C group (lying in the range 992 cm–1 
to 1016 cm–1) shifts linearly in wavenumber with decreasing film moisture content. 
Such shifts have been attributed to hydrogen bond formation (Capron et al., 2007; 
van Soest et al., 1995). Figure 4-25b shows there was a greater shift to lower 
wavenumber, hence increased hydrogen bonding, with the films containing fibre than 
films with no fibre, Figure 4-25a.  This conclusively indicates that sugarcane bagasse 
microfibre strongly hydrogen bonded with the starch and may help explain the 
improved properties obtained with the starch/fibre films.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4-25  FT-IR wavenumber variations of the C–O stretching vibration of 
the C–O–C group with moisture content of hot pressed (a) soluble 
starch with no fibre and (b) Soluble starch with 20% sugarcane 
bagasse. 
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4.5.6 Tensile testing 
Table 4-11, 4-12 and Appendix A: Table A4-6 and A4-7 (original data) and A-
8 (interactive) gives the mechanical properties of the starch-fibre films.  Addition of 
bagasse fibre significantly altered the mechanical properties of the starch films 
(Figures 4-26, 4-27 and 4-28 Soluble starch fibre/film) (Figures 4-29, 4-30 and 4-31 
for G939 fibre/film).  The addition of 5 wt% fibre impacted on the Young’s modulus 
and tensile strength of starch.  It increased the Young’s modulus by 22% and the 
tensile strength by 26%.  However, the extension at yield and extension at break 
were significantly reduced by 46 and 43% respectively. 
 
 
Table 4-11  Mechanical properties of starch/fibre films 
Variable 
Young’s 
Modulus 
(MPa) 
Max. Tensile 
Strength 
(MPa) 
Extension at 
Yield 
(%) 
Extension at 
Break 
(%) 
Fibre loading     
0% 134.2b 5.8b 38.1a 42.7a 
5% 164.2a 7.3a 20.6b 25.0b 
10% 134.1b 5.0c 17.1b 19.8c 
20% 148.6a 4.3c 11.0c 13.5d 
Starch type     
G939 147.6a 6.3a 29.1a 34.1a 
Soluble 143.0a 4.9b 14.2b 16.4b 
Relative Humidity     
81% 12.7d 1.2c 32.9a 35.8a 
70% 29.7d 1.8c 40.9a 45.8a 
58% 92.2c 3.3c 26.3a 33.2a 
43% 266.3b 8.8b 4.1b 6.6b 
23% 325.4a 13.0a 4.2b 4.8b 
*Figures for each property having the same letters are not significantly different (P > 0.05). 
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Table 4-12  Interaction of two variables for mechanical properties of 
fibre/film  
Variable  
Young’s 
Modulus 
(MPa) 
Max. 
Tensile 
Stress 
(MPa) 
Strain at 
Yield 
(%) 
Strain at 
Break 
(%) 
Bagasse Starch     
0% G939 138.0a 6.6b 50.6a 56.0a 
0% Soluble 130.3a 5.0cd 25.6b 29.5bc 
5% G939 162.7a 7.8a 26.8b 33.5b 
5% Soluble 165.7a 6.7ab 14.4bcd 16.5de 
10% G939 139.0a 5.7bc 24.0bc 27.5bcd 
10% Soluble 129.2a 4.3de 10.1cd 12.0e 
20% G939 150.7a 5.1cd 15.2bcd 19.3cde 
20% Soluble 146.6a 3.5e 6.9d 7.7e 
Starch Relative Humidity   
G939 81% 8.9d 1.1f 47.9a 52.3ab 
Soluble 81% 16.6d 1.3f 17.9bc 19.3de 
G939 70% 26.2d 1.6f 58.8a 66.1a 
Soluble 70% 33.2d 2.0ef 23.0b 25.5cd 
G939 58% 90.4c 3.2de 29.4b 39.0bc 
Soluble 58% 94.1c 3.3d 23.2b 27.3cd 
G939 43% 295.5a 10.0b 4.1c 6.2ef 
Soluble 43% 237.2b 7.6c 4.2c 7.0ef 
G939 23% 317.1a 15.6a 5.5c 6.6ef 
Soluble 23% 333.8a 10.4b 2.9c 2.9f 
*Figures for each property having the same letters are not significantly different (P > 0.05). 
 
The greatest strength increase (64%) was for 5 wt% microfibre G939 film at 
58% RH (Figure 4-30 and Table A-7), whereas the 5 wt% Soluble starch film at 
70% RH gave the second largest strength increase (54%) (Figure 4-27 and Table A-6). 
Generally at higher humidity (58 to 81 % RH) Soluble starch films were stronger and 
stiffer (with a larger Young’s Modulus) than the G939 films. In contrast, at lower 
humidity (23 to 43 % RH) G939 films were stronger and stiffer (with a larger 
Young’s Modulus) (Table 4-12 and A-6).  However all G939 films showed a greater 
strain at break and strain at yield due to hydroxypropylated groups hindering 
polymer bonding enough to allowing the films greater extension.   Increasing the 
fibre content to 10 and 20 wt% caused a decrease in tensile properties that was 
considered due to fibre agglomeration and poor fibre/polymer bonding.  
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Figure 4-26  Tensile stress vs. strain graph for Soluble starch fibre/films 
containing 0, 5, 10 and 20 wt% bagasse fibre conditioned at 
70% RH.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4-27  Tensile stress vs. strain graph for Soluble starch fibre/films 
containing 0, 5, 10 and 20 wt% bagasse fibre conditioned at 
58% RH. 
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Figure 4-28Tensile stress vs. strain graph for Soluble starch fibre/films 
containing 0, 5, 10 and 20 wt% bagasse fibre  conditioned at 
23% RH. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4-29  Tensile stress vs. strain graph for G939 starch fibre/films 
containing 0, 5, 10 and 20 wt% bagasse fibre conditioned at 
70%RH.  
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Figure 4-30  Tensile stress vs. strain graph for G939 starch fibre/films 
containing 0, 5, 10 and 20 wt% bagasse fibre conditioned at 
58% RH. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4-31  Tensile stress vs. strain graph for G939 starch fibre/films 
containing 0, 5, 10 and 20 wt% bagasse fibre  conditioned at 
23% RH. 
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As shown in Table 4-11, the addition of fibre > 5 wt% decreased the tensile 
strength, the extension at yield and the extension at break relative to the values 
obtained at 5 wt%.  Similar results were obtained by Vallejos et al. (2011) and 
Prachayawarakorn et al. (2010).  These workers found that increasing the fibre 
content to 15 wt% decreased the film tensile strength. While the soluble starch-
bagasse fibre films have a higher Young’s modulus than their corresponding G939 
films, they have lower tensile strength, extension at yield and extension at break.  
Relative humidity significantly impacted on the Young’s modulus of the films.  
The Young’s modulus at 23% RH (moisture content, 4%) was 26 times higher than 
that at 81% RH (moisture content, 21.5%).   
The statistical analysis of the results of the tensile mechanical tests was 
performed by two-way ANOVA and the results are shown in Table 4-13 and 4-14 for 
soluble starch and G939 starch respectively showing the significance (correlation) 
between the variation between variables.    
 
Table 4-13  Soluble Starch 2-way ANOVA (without duplicates) p values  
Relative  
Humidity  
(RH %) 
SB%,  E SB%,  σm SB%,  εy SB%,  εb SB%,  E, σm,  εy,  εb 
81 0.11 0.19 0.45 0.40 0.12 
70 < 0.05 0.23 0.27 0.24 < 0.05 
58 < 0.05 0.31 0.26 0.21 < 0.05 
43 < 0.05 0.82 0.40 0.79 < 0.05 
23 < 0.05 0.79 0.30 0.31 < 0.05 
 
Table 4-14  G939 Starch 2-way ANOVA (without duplicates) p values  
Relative  
Humidity  
(RH %) 
SB%,  E 
SB%,  
σm SB%,  εy SB%,  εb 
SB%,  E, 
σm,  εy,  εb 
81 0.97 0.17 0.08 0.07 < 0.05 
70 < 0.05 0.20 0.07 0.05 < 0.05 
58 < 0.05 0.20 0.07 0.05 < 0.05 
43 < 0.05 0.83 0.40 0.70 < 0.05 
23 < 0.05 0.30 0.55 0.73 < 0.05 
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The p value needs to be less than 0.05 for the results to be statistically significantly 
affected by the parameters.   The strongest correlation was between the variation of 
the Young’s Modulus (E) with the amount of sugarcane bagasse fibre contained in 
the film. Overall when all the parameters: sugarcane bagasse %wt (SB%), Young’s 
Modulus (E), maximum tensile stress (σm),  strain at yield (εy) and strain at break (εb) 
were considered there was a significant statistical difference in the results.  
4.5.7 SEM  of starch/fibre film 
The decreasing in tensile strength obtained with increasing fibre loading 
clearly implies that bonding between the starch matrix and the fibre is not strong 
enough to allow stress transfer from the fibre to the starch matrix.  As fibre is 
stronger than the starch matrix, there should be an increase in strength if there is a 
good linkage between the matrix and the fibre.  Poor bonding between fibre and 
matrix may arise from one or a combination of the following factors: (a) fibre- 
fibre aggregation, (b) non-uniform dispersion of the fibre and (c) the presence of 
components which hinder bonding.  SEM revealed that the bagasse fibre particles did 
not appear to form clumps or aggregates at 10% wt. fibre content (Figure 4.23).  
Also, the surface of a fractured starch-fibre film shows partial bonding between starch 
and fibre. Thus, the generally poor tensile strength obtained in the present studies is 
 
 
 
 
 
 
 
 
 
 
Figure 4-32  SEM image of a surface of a fractured starch-fibre film at10% wt 
fibre content: (a) fibre bonding to starch and (b) small cylindrical 
fibre broken off from matrix. 
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probably related to the hydrophobic lignin component of bagasse preventing strong 
linkages between the cellulose fibres and starch.  As suggested by Prachayawarakorn 
et al. (2010), fibre overloading may also account for the relatively poor results 
obtained with 10 wt% and 20 wt% fibre, due to fibre agglomeration. 
4.6 CONCLUSIONS 
Results have shown significant differences in properties between cast and hot-
pressed films. The process of cryo-crushing cast films followed by hydration and 
then hot-pressing changed the morphological features (increased crystallinity, 
moisture resistance, stiffness and strength) and improved the thermal stability of the 
starch films.  The process also improved the uniform distribution of fibres in the 
starch matrix. As such, the process based on hot-pressing is a better method to 
prepare starch-fibre films. 
It was demonstrated that adding bagasse fibre increased the Young’s modulus, 
and for the films containing 5 wt% fibre, the tensile strength of the materials was 
also enhanced.  There was a slight reduction in moisture uptake with fibre addition 
(except at 98% RH) possibly because of increased bulk crystallinity of the materials.  
The amount of moisture content in the films significantly impacted on the 
mechanical properties of the films due to its weakening effects.  However, grinding 
sugarcane bagasse fibres down to micron size range without delignification might 
improve the resistance of starch films to moisture uptake.  Reactive extrusion is an 
available option that will be explored to enhance the bonding between starch and 
bagasse fibres. While nanofibres are beneficial, producing such a fibre from bagasse 
is not economical currently for the global objective of producing inexpensive starch-
based composites from sugarcane bagasse. 
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Chapter 5  
Starch Composites with Sugarcane 
Bagasse Nanofibre 
This chapter reports on the results of using unbleached sugarcane bagasse 
nanofibres to improve the physico-chemical properties of starch-based film.  The 
moisture uptake, crystallinity and tensile properties were assessed, while models for fibre 
composites were used to determine the strength of interaction between the nanofibres 
and the starch matrix.  The DMTA analysis was used to indicate decreased starch chain 
mobility due to nanofibre interactions.  A detailed Fourier Transform Infra-red (FTIR) 
and scanning electron microscopic evaluation was also used to show the evidence of the 
existence of strong interactions between the starch matrix and the nanofibres.  
5.1 INTRODUCTION 
Despite thermoplastic starch products being commercially available, 
manufacturers are continually striving to find ways of economically improving their 
plastic properties to make them more useful over a wider range of applications.  One 
approach to help address these shortcomings is by incorporating plant-based 
nanofibres as reinforcement (Azeredo, 2009). Generally there is an advantage in 
using nanofibres compared with their larger microscale counterparts since nanofibres 
have a proportionally larger surface area for bonding with the starch matrix.  This 
favours improved fibre-matrix interactions and the performance of the resulting 
nano-composite material (Azeredo, 2009).  Although the focus of the present study is 
on starch-based composites derived from sugarcane bagasse nanofibre, it should be 
pointed out that starch-based composites reinforced with bacterial cellulose showed 
slightly higher tensile strength and modulus (Wan et al., 2009).  However, there are 
more processing steps involved such as several days of bacterial incubation on a culture 
medium then repeated washing and soaking with NaOH solutions to finally obtain the 
bacterial nanofibres compared to other methods to derive lignocellulose nanofibre.   
The research articles that reported the preparation of nanofibres or 
nanocrystals from sugarcane bagasse either did not completely release the individual 
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nanofibres  (Bhattacharya et al., 2008), or else used harsh acids such as sulphuric 
acid,  to  hydrolyse bleached sugarcane bagasse (Bras et al., 2010; Hassan et al., 
2009; Teixeira et al., 2011).  However producing nanofibres/nanocrystals using 
bleaching and acid hydrolysis methods creates issues in having to deal with the harsh 
chemicals that are not environmentally friendly. The cost of the chemicals and 
problems in dealing with the wastewater treatment adds also to the commercial costs 
of such methods.  Furthermore, the structure of the cellulose nanofibres themselves 
can be damaged by excessive acid hydrolysis.  However, the method used in the 
present study produced nanofibres using unbleached pulp and a mechanical pulping 
method aimed at addressing these issues.  
The present nanofibre study complements the work of Vallejos et al. (2011) and 
the author’s work reported  Gilfillan et al. (2012) on the beneficial effect of reinforcing 
starch films with sugarcane bagasse microfibres.  The study has characterized 
unbleached sugarcane bagasse nanofibres and examined the properties of starch-
nanofibre films. The nanofibre aspect ratio was determined from sedimentation 
experiments, whereas the diameter distribution, directly measured from Scanning 
Electron Micrographs (SEM).  Film properties assessed included, moisture uptake, 
crystallinity, storage modulus (E′), loss modulus (E″) and glass transition 
temperature (Tg), besides thermal and mechanical tensile properties. Evidence on the 
extent of bonding between nanofibres and the starch matrix was proved by detailed 
analysis of Fourier transform infrared spectroscopy (FTIR) spectra as well as 
evidence provided by SEM micrographs.  
5.2 MATERIALS AND METHODS 
5.2.1 Materials 
The starch type used was the same potato derived starch, brand named Soluble 
starch and glycerol as previously described in Chapter 4.  The nanofibre has been 
derived from the same cleaned and de-pithed sugarcane bagasse as described in 
Chapter 4. Once dried after washing the bagasse was pulped and then refined to 
produce nanofibres that were separated out by a water gravitational screening 
(sedimentation) method. The detailed method used for the nanofibre preparation is 
described in Chapter 3 (section 3.6).   
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5.2.2 Bagasse nanofibre diameter determination 
Scanning electron microscopy (SEM) was used to determine the nanofibre 
particle size distribution and morphology from digital photomicrographs.  The SEM 
images were produced using a field emission scanning electron microscope JSM-
7001, JEOL Ltd, Japan.  The suspension of nanofibres was dispersed in water 
forming a dilute slurry by the ultrasonic process.  Several drops of the nanofibre 
solution were placed onto a glass slide that was oven dried at 105 °C.  The dry 
nanofibre samples were then coated with a thin film of gold by a Leica SCD005, ion 
sputter coater and observed under high vacuum using the FE-SEM operating at 
15.0 kV.  Magnification of between 19,000 and 30,000 times was used to produce 
detailed images of the nanofibres.  However, the magnification at 30,000 times was 
used to determine the fibre diameter. 
5.2.3 Nanofibre film mechanical fracture analysis 
SEM micrographs were used to analyse the nanofibre-film after mechanical 
testing where the fractured film surface of the samples used for tensile testing was 
examined. The ZEISS-SIGMA VP field emission scanning electron microscope, from 
Carl Zeiss NTS, Ltd. Germany, was used for the analysis.  Samples were securely 
mounted onto a small metal pedestal, with a small piece of double sided sticky carbon 
tape.  The operating voltage was 4.00 kV for most of the SEMs.  However, several 
SEMs were also made at 0.86 kV for greater clarity and to avoid burning of the delicate 
nanofibres. The magnification was varied from approximately 22,000 to 58,000 times.       
5.2.4 Bagasse nanofibre aspect ratio determination 
The nanofibre lengths were not possible to be determined from the SEM images 
because the fibres are so highly intertwined with one another.  The nanofibre aspect 
ratios were, however, approximated by sedimentation experiments following the 
method presented by Zhang et al. (2012). Sedimentation height was measured in 
relation to the nanofibre concentrations of 0.025, 0.050, 0.10, 0.20, 0.40 and 
0.60 kg/m3. 
The aspect ratio determination using a sedimentation method that was initially 
proposed by Martinez et al. (2001) for wood pulp fibres, to which  Zhang et al. 
(2012) had applied it to wood pulp nanofibres.  In this case the method was applied 
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2
flw
to sugarcane bagasse nanofibres. The aspect ratio was deduced from the gel point 
fibre concentration, the point where a continuous fibre network in suspension just 
begins to form.  One possible problem using this method, as pointed out by 
Varanasi et al. (2013) was that the visible sedimented nanofibre layer needs to be 
hundreds of nanometres in size to be seen.  It could be that an undetected top 
nanofibre sediment layer may not be accounted for when measuring the overall 
sediment height.  However, results using an alternate method successfully used by 
Varanasi et al. (2013) by studying the suspension rheology, that avoids this 
problem, gave similar results to the sedimentation method. 
In the settling method, a graph of different solid concentrations (Co) is plotted 
against the ratio of sediment height (hs) to initial suspension height (ho) (Figure 5-5).  
The initial linear slope term of this plot gives the gel concentration (gc).  Martinez et 
al. (2001) found there existed a linear relationship between the gel concentration that 
was estimated from sedimentation and the experimentally measured ratio of  
where w is the fibre coarseness (mass per unit length) and lf  is the fibre length.  
Using a slope of 33 that was used by Zhang et al. (2012) and Martinez et al. (2001) 
this gave  the determination of gc shown by Equation 5.1 (Zhang et al., 2012). 
233 fc lwg            Equation 5.1 
 
The fibre coarseness is given by Equation 5.2 (Zhang et al., 2012) 
   24 Dw             Equation 5.2 
 
Where D is the fibre diameter   24 D  equals the cross sectional fibre area and ρ is 
the density of cellulose nanofibres (1500 kg/m3 for dry fibre). The aspect ratio, 
D
lA f , can then be determined from Equation 5.3 (Zhang et al., 2012) 
 33
41
2
2
2
c
f
g
l
D
A
              Equation 5.3 
where all of the terms have been previously defined.  Rearranging Equation 5.3 gives 
the aspect ratio as determined by Equation 5.4. 
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33     Equation 5.4 
The assumptions for these equations are that the fibres could be treated as 
single cylinders with uniform cross-sectional areas and the interactions of entangled 
fibres as shown in the SEM is ignored.  The other limitation was that the settling 
equations are based on softwood and hardwood pulp fibre and that the sedimentation 
only depended on the fibre aspect ratio (Martinez et al., 2001).  This relationship 
however may not apply to nanofibres with a fibre diameter three orders of magnitude 
smaller than pulp fibres (Zhang et al., 2012).   
The actual fibre density to use is not certain, because fibres in solution absorb 
water.  Using the same fibre density as the cell wall (dry density) approximately 
1500 kg/m3 may not be appropriate (Zhang et al., 2012). Cellulose nanofibres likely 
uptake water into the fibre structure while suspended in water, reducing the density 
(Varanasi et al., 2013). There appears to be tightly and loosely bound water 
associated with cellulose fibres (Perkins & Batchelor, 2012). It was estimated that for 
fibre containing tightly bound water the density may be 1333 kg/m3 and for loosely 
bound connected fibre assemblies with water between the fibres a possible density of 
1166 kg/m3 may be considered (Varanasi et al., 2013).  Three densities were each 
used to determine the aspect ratios based on sedimentation data (Table 5-1).  The 
aspect ratio was reduced only by approximately 12% in going from the highest 
(1500 kg/m3) to the lowest (1133 kg/m3) density estimate. 
5.2.5 Moisture conditioning  
All films were conditioned in a 58 % RH chamber at 23 °C until a constant 
moisture weight was reached at equilibrium (approximately 10 days) as described in 
Chapter 3 (section 3.3.2). Moisture uptake was determined gravimetrically based on 
the average of four sample measurements as specified in Chapter 3 (section 3.3.3).  
5.2.6 Tensile testing 
Tensile tests were performed according to Chapter 3 (section 3.3.11) for hot-
pressed films on dumbbell-shaped specimens (Figure 5-1).  Each specimen was 
conditioned in a controlled atmosphere of 58% RH at 23 °C. A cross-head speed of 
Page 104 Chapter 5: Starch composites with sugarcane bagasse nanofibre 
Dumbbell 
specimens 
Cutting die 
5 mm/min was used during testing.  Tensile testing was performed on a minimum of 
five specimens for each humidity condition.   
 
 
 
 
 
 
 
 
 
Figure 5-1  Tensile test specimen punched from hot pressed fibre/films     
(Type M-III die) (ASTM, 1996) (Appendix B: Figure B-1).  
5.3 EXPERIMENT 
5.3.1 Nanofibre sonication pre-treatment suspension  
The nano-fibre pulp was kept refrigerated to prevent any microbial degradation 
and placed into waterproof bags to prevent moisture loss.  It is important to keep the 
nanofibre-pulp relatively ‘wet’ because if the fibres ever became dry they would 
bond permanently together and become almost inseparable. However the nanofibre 
wet pulp needed to be dispersed into solution prior to being added to the 
starch/glycerol solution for the gelatinization process.  
Sonication of the nano-fibre pulp was required to disperse the nanofibre into an 
aqueous solution before it could be add to the starch/glycerol solution for boiling.  
Well dispersed suspensions of nanofibres from the nano-pulp were made by making 
200 mL suspensions up to a maximum of 2 wt% nanofibre. This solution was 
sonicated 10 min followed by 2 min of blending, repeating these steps 5 times until a 
total sonicating time of 50 min was reached. At this point the nanofibres appeared to 
be well dispersed and were then screened through a 75 μm (200 mesh) to remove any 
larger fibres that may have passed through the previous nanofibre water gravitation 
screening process. In fact approximately 3 to 6 wt% of the larger microfibres were 
removed from the original nanofibre pulp. The removal of microfibres was required 
otherwise the nanofibres may agglomerate with the microfibres and give poor results 
not different than using microfibres.    
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5.3.2 Film preparation method 
The starch films containing 24 wt% glycerol was based on the starch weight. The 
nanofibre films were produced by incorporating the nanofibre at the initial 
boiling/gelatinizing stage during cast film preparation, in the same manner as 
preparing the cast microfibre film. The starch (15.0 g) and glycerol (3.6 g) were 
thoroughly mixed together before 450 mL distilled water was added to prepare a 
4 wt% solution.  Bagasse nanofibre was then added at 0.000, 0.375, 0.750, 1.500 and 
3.000 g (dry basis) loading to produce 0, 2.5, 5, 10 and 20 wt% nanofibre film based 
on a starch weight basis. Each mixture was boiled and cast as described in Chapter 3 
(section 3.2.1).  The cast nanofibre/film was then ground, hydrated and hot pressed to 
produce a more uniformly thick and a more homogeneous distribution of nanofibres 
in the fibre/films, as described in Chapter 3 (section 3.2.2). 
5.4 RESULTS AND DISCUSSION 
5.4.1 Physico-chemical properties of sugarcane bagasse nanofibre 
Compositional analysis (Table 4-6) determined by the NREL method described 
in Chapter 3 (section 3.1) (Sluiter et al., 2008a) for the bagasse nanofibre is: 
65.7 wt% cellulose, 10.0 wt% lignin and 6.7 wt% ash, while the wide angle X-ray 
powder analysis gave a crystallinity of 80%.  The data shows, as expected that soda 
pulping has significantly reduced the lignin down from 24.8 wt% for bagasse fibre 
and to a lesser extent the hemicellulose content down from 26.3 wt%. The reductions 
in lignin and hemicellulose has accordingly increased the cellulose component up 
from 40.8 wt% and increased the crystallinity from76%. Pulping under alkaline 
conditions alone results in significant delignification with minimum glycosidic bond 
breakage of cellulose.  However, when pulping under a combined process of alkaline 
treatment and acid hydrolysis, the acid hydrolysis may cause excess damage to the 
cellulose fibres decreasing their reinforcing effect (Bhattacharya et al., 2008). 
The method for determining the bagasse nanofibre diameter was by careful 
measurement directly from the (30,000 x magnification) SEM printed image in 
Figure 5-2b.  A total of 400 measurements were made to produce the diameter size 
distribution (Figure 5-3). The results show in general a normal type of frequency size 
distribution.  The diameters range from as small as 12 nm to as large as 50 nm, with 
24.6 nm as the numerical average particle diameter (Figure 5-2 and 5-3). 
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Figure 5-2  SEMs of sugarcane bagasse nanofibres derived from the pulp 
refining method at (a) 19,000 x and (b) 30,000 x magnification.   
   
 
 
 
 
 
 
 
 
 
 
 
 
Figure 5-3  Sugarcane bagasse nanofibre diameter size distribution.  
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(a) (b) (c) (d) (e) (f) (g) 
Figure 5-4 shows the settling heights of the various nanofibre concentrations.  
The settling data gives a slightly curved set of data points overall when initial 
nanofibre concentration is plotted against the ratio of nanofibre sediment height (hs) 
over initial nanofibre height (ho) that is (hs/ho) of the suspensions (Figure 5-5). 
Initially, at the very low concentrations, a straight line set of data points from the 
origin up to a fibre concentration of 0.10 (kg/m3) seems evident. However, as fibre 
concentration is increased a slight curve becomes evident, due to increased fibre 
interactions and entanglement (Figure 5-5).    
The ‘linear slope term’ derived from the linear and quadratic fitting equations 
from the settling data plot) gave the gc values of 1.3171 and 0.6371 (kg/m3), 
respectively (Table 5-1).  Using a dry fibre density of 1500 kg/m3 the aspect ratios of 
172 and 247 were determined using the gc values derived by the linear and quadratic 
regression equations, respectively (Figure 5-5 and Table 5-1).  However the R2 value 
for the quadratic fit equation was 0.9987 giving a more accurate straight line slope 
value than the linear fit equation with an R2 value of 0.9483.  The linear fit equation 
 
 
 
 
 
 
 
 
 
 
 Figure 5-4  Settling heights of sugarcane bagasse nanofibres at: (a) 0.60, 
(b) 0.40, (c) 0.20, (d) 0.15, (e) 0.10, (f) 0.050 and (g) 0.025 (kg/m3) 
solids. 
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gives too large a linear slope term and overestimates the gel point solids concentration, 
giving too low an aspect ratio. Clearly from the data plot there is a curved relationship 
for the settling height ratio (hs/ho) as fibre concentration is increased. This curved 
result is a similar result to those for some wood nanofibres (Varanasi et al., 2013; 
Zhang et al., 2012).  The results of Table 5-1 also show that the aspect ratios for wet 
fibres are lower than that of the dry fibre as they have lower fibre density. 
These values are larger than the aspect ratio values 116 to 137 (l/d) for 
nanofibre prepared from softwood pulp using the same (Valley beater) treatment 
method (Zhang et al., 2012) for nanofibres without and with NaOH treatment, 
respectively.  This may simply be due to differences of fibre source. Nonetheless, 
Zhang et al. (2012) operated the Valley beater for approximately 1 h to obtain  
nanofibres, whereas in this study it took half that time or 0.5 h.  Operating the Valley 
beater for a longer period of time, may decrease the aspect ratio of the nanofibres due 
to mechanical damage. Differences in processing times may be due to differences in 
the plant species lignocellulosic fibre from which the nanofibres were derived.  
                                                                                                                                                                   
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 5-5  Nanofibre initial concentration vs. nanofibre sediment height 
(hs)/initial height (ho) of suspensions with: (a) linear trend line and 
(b) quadratic trend line. 
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Table 5-1  Aspect ratio determined by linear slope term from regression 
equation data (Gilfillan et al., 2014) 
Fitting equation 
cg  
(kg/m3) 
linear term 
R2 
Potential 
density 
(kg/m3) 
Aspect 
ratio  
(l/d) 
(a)       Linear regression:  
            y = 1.3171x 1.3171 0.9483 
1,500 172 
1,333 162 
1,166 151 
(b)       Quadratic regression: 
            y = 2.1476x2 + 0.6371x 0.6371 0.9987 
1,500 247 
1,333 233 
1,166 218 
 
Nanofibres from sugarcane bagasse produced by the pulping/Valley beater method 
also had higher aspect ratios than those produced by the pulping/homogenisation/acid-
hydrolysis method of Bhattacharya et al. (2008) producing nanofibres with an aspect 
ratio from 50 to 120.  The reason for the lower range of aspect ratio may be due to the 
fibres breaking into shorter lengths when exposed to the harsh acid hydrolysis 
conditions. Bhattacharya et al. (2008) acknowledged that excessive acid hydrolysis 
resulted in extensive cellulose crystal damage.  
The result of adding unbleached sugarcane bagasse nanofibre to the starch film 
produced a dramatic colour change (Figure 5-6). 
 
 
 
 
 
 
 
Figure 5-6  Films showing colour change as nanofibre content increased left 
to right from 0 to 10 wt%. 
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5.4.2 Moisture uptake 
The results obtained with nanofibre addition on moisture uptake are shown in 
Table 5-2. The films were all conditioned at 58% RH because this is the typical 
humidity for most ambient conditions under which the film would be used for 
packaging materials.  The film without any nanofibre absorbed the most moisture at 
14.3 wt% whereas films containing nanofibre, regardless of the fibre content, all 
absorbed approximately 12 wt% moisture, a reduction in the moisture content by 
approximately 15 %.  This decrease in moisture is less than the decrease of 30% 
obtained while using sugarcane bagasse microfiber (Gilfillan, Nguyen, et al., 2012; 
Gilfillan et al., 2013).  As shown in Table 4-6, pulping of bagasse (prior to the 
formation of the nanofibres) while reducing the proportion of the hydrophobic lignin 
polymer, exposed the more hydrophilic cellulose surface for moisture absorption. The 
increased proportion of hydrophilic hemicellulose content may also contribute towards 
greater moisture absorption. On the basis of these composition features, the differences 
observed between micro- and nano-based composites could be explained.  Moisture 
decreases were also found using other nanofibres derived from tunicin (Angles & 
Dufresne, 2000), potato pulp (Dufresne & Vignon, 1998), bacterial cellulose (Wan et 
al., 2009) wood (Svagan et al., 2009) and flax nanocrystals (Cao et al., 2008). Reasons 
for the reduced moisture uptake are: the increased tortuous diffusion pathway by the 
cellulose fibres physically impeding water molecules; the rigid fibrous network formed  
 
Table 5-2  Statistical significance of mean physical & thermal properties of 
Soluble starch-nanofibre films conditioned at 58% RH* 
 
Nanofibre + 
(wt%) 
Moisture 
(%) 
Crystallinity 
(%) 
T0  
(°C) 
Tmax  
(°C) 
0.0 14.3a 16.2b 268.7a 305.6b 
2.5 12.0b 17.5b 267.3ab 311.4a 
5.0 11.8b 18.6ab 262.5cd 312.8a 
10 11.8b 19.9ab 260.7d 312.8a 
20 11.7b 24.4a 264.2bc 312.6a 
* Figures under each property with the same letters are not significantly different (P > 0.05). 
+ nanofibre wt% based on starch weight 
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by hydrogen bonding between adjacent nanofibres constraining the swelling of the 
amylopectin matrix; and the strong hydrogen bonding between nanofibres and the 
starch matrix restricting polymer chain mobility. 
Differences between the results obtained with nanofibres and microfibers may 
also be related to the way the fibres are aligned.  Figure 5-2 (a) and (b) shows that 
nanofibres tend to have a network arrangement, due to their high aspect ratio, which 
may allow channels to be created for moisture to pass through.  Microfibres with 
their smaller aspect ratio tend to not have the same type of network arrangement.  
Table 5-2 data for films conditioned at 58% RH, shows that as the crystallinity 
increased from 16.2% without fibre to 17.5% with 2.5 wt% fibre, the moisture content 
of the film decreased.  The moisture decrease is expected as the amorphous content of 
the bulk materials has been decreased as well as the displacement of the more 
hydrophilic starch molecules by cellulose nanofibres. 
It was anticipated that increasing the nanofibre content from 2.5 wt% through to 
20 wt% would decrease film moisture uptake due to the cellulose fibres displacing 
more of the starch molecules, which are comparatively more hydrophilic. However, 
the moisture decrease did not continue to occur with increasing fibre >2.5 wt%.  The 
reason may be due to the proportional increase in lignin content with increasing 
nanofibre load that may have had a detrimental effect on moisture uptake.  Lignin has 
been shown to interfere with hydrogen bonding between the fibres, glycerol and starch 
(Le Digabel & Avérous, 2006).  Similar results were observed when microfibers were 
added to starch film in previous experiments conducted by the author (Gilfillan, 
Sopade, et al., 2012). As mentioned previously the proportional increase in 
hemicellulose content in the nanofibres with increasing fibre loading may also have 
contributed towards moisture uptake, since hemicellulose is hydrophilic (Grondahl, 
2003).  The moisture uptake associated with compositional features may have 
cancelled out the benefit of the crystallinity increase and a reduced proportion of 
hydrophilic starch molecules. 
5.4.3 Crystallinity 
Crystallinity of the films increased with increasing fibre content, even though 
the moisture content remained relatively constant at approximately 12 wt% (Table 5-
2).  It has previously been shown that increased starch film moisture uptake results in 
Page 112 Chapter 5: Starch composites with sugarcane bagasse nanofibre 
5 10 15 20 25 30
In
te
ns
ity
 (n
o 
un
its
)
Angle (2Ѳ)
SS_0%Nano_24%Glyc
SS_2.5%Nano_24%Glyc
SS_5%Nano_24%Glyc
SS_10%Nano_24%Glyc
SS_20%Nano_24%Glyc
Un‐Bleached‐SB_Nano‐fibre
SB 0%     
Crystallinity  
13.98%      low     
+/‐ 0.65        
(amplitude 
mult by 55% of 
original)
 
 
bagasse nanofibre 
composite films 
increased crystallinity and this was explained by the increased moisture softening the 
film, allowing starch chains to move more freely and readily crystallize (Gilfillan, 
Sopade, et al., 2012). However, the addition of nanofibre has lowered moisture 
uptake, which will reduce starch retrogradation (crystallization), increase the glass 
transition temperature (Tg) and overall lower the film starch matrix crystallinity. 
Furthermore, if the nanofibres are strongly bonded with the starch matrix, the starch 
polymer chain movement becomes restricted and crystal formation additionally is 
reduced.  In this project, all films were subject to the same conditions, which should 
result in similar amounts of starch crystallization.  Therefore the increase of bulk 
film crystallinity is probably due to the increased crystallinity from the increased 
nanofibre cellulose film content.  Crystallinity increases were generally shown to be 
statistically significant (Table 5-2) in line with the nanofibre content.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 5-7  Diffraction patterns of hot-pressed nanofibre films (conditioned at 
58% RH) containing from bottom to top: 0, 2.5, 5.0, 10, 20 and 
100 wt% sugarcane bagasse nanofibres. 
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The X-ray diffraction patterns of the films (Figure 5-7) reveals an increase in 
the profile of the prominent cellulose crystalline peak at 22° (2θ) as the nanofibre 
content increased.  Although the crystalline starch peak (B type starch crystallinity 
17° and 19.5° (2θ) peaks) and cellulose peak both overlap near 22° (2θ) the 
prominent cellulose peak at 22.2° (2θ) and the quartz peak (soil contaminant) at 
26.6° (2θ) both show increased profile heights in relation to the other peaks with 
increased nanofibre content. The 22.2° (2θ) peak increased in height until it 
protruded above the 17° (2θ) crystalline starch peak at 20 (wt%) nanofibre content.  
These indications imply that increased bulk crystallinity of the film was likely not 
due to increased starch crystallinity, but instead the increased crystallinity caused 
from increased nanofibre (cellulose) content. Note that the small sharp quartz peak is 
due to soil contaminant (embedded in the cell wall) inherent in the sugarcane fibre, 
and is small enough not to contribute towards the overall bulk crystallinity of the 
films (<1%). No unidentified crystalline peaks were present, therefore it was 
assumed transcrystallisation (crystallinity between fibre surface and starch) (Angles 
& Dufresne, 2000) did not occur and the nanofibre did not promote starch 
crystallisation or act as a crystallizing nucleating agent.  
5.4.4 Thermal degradation 
Thermal degradation of Soluble starch nanofibre films, after water loss, is 
essentially a two stage process with a shoulder at 268 °C (Figure 5-8) associated with 
thermal decomposition of the hemicellulose component of the bagasse nanofibre 
(Maliger et al., 2011).  To values for the film containing fibre is lower, than the film 
with no fibre (Table 5.2) because of decomposition from the relatively unstable 
hemicellulose component of bagasse nanofibre.  To decreased from 270 to 261 °C for 
nanofibre loadings of 0 and 10 (wt%) respectively. 
The Tmax for the films was increased because of the thermal resistance imparted 
to the starch-nanofibre film due to the cellulose and lignin components of the fibre that 
degrade at higher temperatures (Maliger et al., 2011).  Tmax increased from 306 °C for 
films with 0 wt% nanofibre to approximately 313 °C for all films containing 
nanofibres (Table 5-2 and Figure 5-8).  The higher Tmax value obtained is probably 
related to higher crystallinity of the cellulose component of the nanofibre. 
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Figure 5-8  TGA of hot-pressed Soluble starch containing 10 wt% sugarcane 
bagasse nanofibre. 
 
The char of approximately 12 wt% remaining after heat treatment to 800 °C 
for nanofibre films was slightly higher than the char value of 10 wt% obtained for 
hot-pressed Soluble starch film with no fibre (Gilfillan, Nguyen, et al., 2012).  The 
relatively small increase in char for the starch nanofibre films is probably due to the 
carbon/inorganic residue of the less volatile fibre components resisting complete 
degradation. Although not reported here, further char weight reduction occurred 
when the temperature was increased up to 1000 °C.  
5.4.5 Tensile testing results 
Tensile test results show there is a dramatic decrease in the strain at yield and 
strain at break with the starch-fibre films (Table 5-3 and A-9). This is due to the fact that 
the increase in crystallinity results in an increase in the rigidity of the films and hence an 
increase in tensile properties. The strain at yield and strain at break decreased by up to  
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Table 5-3  Statistical significance of mean tensile properties of starch films 
(conditioned at 58% RH)* 
Nanofibres + 
(wt%) 
Young’s 
modulus 
(MPa) 
Max. Tensile 
Stress 
(MPa) 
Strain at yield 
(%) 
Strain at break 
(%) 
0.0 66.3d 3.1d 42.5a 49.4a 
2.5 152.8c 4.8c 32.4b 39.0b 
5.0 172.6bc 5.3bc 27.7c 31.0c 
10.0 181.1ab 6.2a 19.0d 20.5d 
20.0 198.3a 5.8ab 13.4e 14.5e 
* Numerical values under each property with the same letters are not significantly 
different     (P > 0.05) and values are the mean of at least 7 repeats. 
+ nanofibre wt% based on starch weight 
 
70% for film containing 20 wt% nanofibre compared to the film with no nanofibre. 
The decrease found was comparable to the value obtained when using sugarcane 
microfibre (Gilfillan, Nguyen, et al., 2012; Gilfillan, Sopade, et al., 2012) 
Tensile strength and Young’s Modulus for the starch-fibre films are significantly 
higher than the films without nanofibre (Table 5-3) or those reported on microfibers by 
Vallejos et al. (2011); Prachayawarakorn et al. (2010); Gilfillan et al. (2012).  The film 
tensile strength increased from 3.1 to 6.2 MPa for films with 0 and 10 wt% nanofibre 
respectively.  However, the strength decreased to 5.8 MPa with the addition of 20 wt% 
nanofibre.  The Young’s modulus increased from 66 to 198 MPa for films with 0 and 
20 wt% nanofibre respectively. As such, the addition of nanofibre increased the film 
tensile strength and Young’s Modulus by up to 100% and 200% respectively.  
Wheat-straw nanofibre starch/glycerol films containing up to 10 wt% wheat-
straw nanofibres (based on dry nanocomposites wt) increased in tensile strength and 
the Young’s modulus by 72 and 144% respectively compared to films with no fibre 
(Alemdar & Sain, 2008). The results obtained by Alemdar & Sain (2008), however, 
were not as large as the results achieved in this study (100 and 200% respectively). 
The wheat straw nanofibres have similar diameters (30 to 40 nm), aspect ratios (90 to 
110) and lignin content (approx. 10 wt%) but one third the hemicellulose (6.0%) 
compared with that of the sugarcane bagasse nanofibres in this study. For 
lignocellulosic fibres, the presence of lignins (less polar than cellulose) (Pouteau et 
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al., 2003) decreases the adhesion and the load transfer at the starch matrix-fibre 
interface reducing the maximum tensile strength of the composite (Averous & 
Boquillon, 2004).  The presence of hemicellulose may have acted as a coupling agent 
for the lignin (hydrophobic) with the (hydrophilic) starch matrix and nanofibre to 
improve overall composite strength.  
Flax nanocrystal starch/glycerol films containing up to 10 wt% nanocrystals 
increased the tensile strength and Young’s modulus by up to 95 and 466% 
respectively compared to films without fibre (Cao et al., 2008). The increase in 
strength is similar to that obtained in this study, but the Young’s modulus increase 
was much greater.  Furthermore, as flax nanocrystal content increased to 20 wt% or 
more the tensile strength and Young’s modulus continued increasing.  It should be 
noted that the flax nanocrystals have a small aspect ratio (10 to 50) and sulphate 
groups attached to the surface gave them a slightly negative charged preventing the 
nanocrystals from agglomerating at higher loadings in solution (due to electrostatic 
repulsion).  The electrostatic repulsion caused by the negatively charged surface of 
the nanocrystals assists them to distribute more evenly throughout the film creating 
more effective bonding with the starch matrix. 
Bacterial cellulose nanofibre starch/glycerol composites reinforced with only 
7.8 wt% nanofibre showed an increased tensile strength and Young’s modulus of 103 
and 112% respectively compared to film with no fibre (Wan et al., 2009).  These are 
slightly higher tensile strength and modulus increases compared with the sugarcane 
bagasse nanofibre composites at 10 wt% nanofibre loading.  However at bacterial 
nanofibre loadings of 15.1 wt% or more, the strength and modulus increased at a 
slower rate, unlike the flax nanocomposites.  
In this study increased bagasse nanofibre content from 10 to 20 wt% caused a 
decrease in strength and only slight increase in the Young’s modulus (Table 5-3). The 
reduced performance may be attributable to nanofibre agglomeration since they are 
strongly attracted to each other by their polar nature and because of their high aspect 
ratio, causing the nanofibres to overlap and intertwine with each other. Overloading 
the film with fibre may also contribute towards a loss of strength where discontinuity 
of the starch matrix around the fibre may occur.  A model equation for the relationship 
between the maximum strength ratios and composite fibre volume fraction (dashed  
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Figure 5-9   The maximum tensile strength ratio (σcomposite/σmatrix) change with 
nanofibre volume fractions (circles) and a generalized strength 
ratio model (dashed line) (Vörös & Pukánszky, 1995).     
 
line) (Figure 5-9) proposed by Vörös and Pukánszky (1995) is given by Equation 5.6. 
 f
f
f
matrix
composite vC
v
v 
 exp
5.21
1


      Equation 5.6 
where σcomposite and σmatrix are the maximum strength of the fibre-filled composite and 
the starch-matrix (without containing any fibre) respectively and fv  the  nanofibre 
volume fraction.  C is a constant based on the fibre surface area and density, as well 
as properties of the interphase and σmatrix (Vörös & Pukánszky, 1995).  However, the 
assumption for this equation was that the maximum tensile strength (yield stress) 
changed proportionally to the amount of filler added. In the case of using crystalline 
microfibres the relationship generally correlated well (Averous & Boquillon, 2004). 
In the case of using nanofibres in this study, however, there were noteworthy 
deviations from the model.  The maximum strength ratios (Figure 5-9) show an initial  
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Figure 5-10   The Young’s modulus ratio (Ecomposite/Ematrix) change with 
nanofibre volume fraction (circles) and a generalized modulus 
ratio model (dotted line) (Nielson & Landel, 1994).    
 
strong increase (jump) in composite strength, with only 2.5 wt% fibre added, which 
is indicative of a continuous fibre network, and so within this fibre content range, the 
nanofibres are not acting as fillers.  The continuous fibre network formed perhaps 
explains why the data does not fit the model (Equation 5.6).  The increase in strength 
as fibre content increased from 2.5 to 10.0 wt% indicates strong nanofibre-matrix 
adhesion.  However, the decreased strength when 20 wt% fibre was added, does not 
fit the model (Equation 5.6).   
The modulus ratio (Figure 5-10) also shows an initial sharp rise with 2.5 wt% 
nanofibre added, then a gradual leveling off as fibre content increased.  The 
generalized modulus ratio equation model (Equation 5.7) does not account for the 
initial increased stiffening of the film due to the strong nanofibre bonding or network 
formation.  The Young’s Modulus leveling off with further fibre addition, also is not 
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accounted for.  The modulus ratio equation used was Equation 5.7 (Nielson & 
Landel, 1994) 
f
f
matrix
composite
vB
vBA
E
E

 1
1
      Equation 5.7 
where Ecomposite and Ematrix are the Young’s modulus of the fibre-filled composite and 
the unfilled starch-matrix film respectively and fv  the film nanofibre volume fraction.  
A is a constant based on the fibre aspect ratio while B is a constant based on the ratio of 
the Young’s modulus of the fibre and starch-matrix as well as A.    is based on the 
fibre packing factor and fv  (Nielson & Landel, 1994).  The assumption for Equation 5.7 
was that the composite contained random bulk oriented fibres (isotropic and 
homogeneous).  This model (Equation 5.7) seems a good fit for crystalline microfibre 
(Averous & Boquillon, 2004) but not for the nanofibres used in this study (Figure 5-10). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 5-11   The ratio of the elongation at break (εcomposite/εmatrix) vs. nanofibre 
volume fractions (circles) and a generalized elongation ratio 
model (dashed line) (Nielson & Landel, 1994).   
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The ratio of the elongation at break of the fibre-composite and starch-matrix 
film, decreases with increased fibre content (Figure 5-11). The data was 
approximately fitted (dashed line) to the model of Equation 5.8 (Averous & 
Boquillon, 2004)   
 mf
matrix
composite v 1

     Equation 5.8 
where εcomposite and εmatrix are the elongation at break of the fibre-composite and 
starch-matrix films respectively and fv  the  nanofibre volume fraction.  The index m 
is a constant that was varied until the model was fitted to the data (Nielson & Landel, 
1994).  The model assumptions were that the fibres were rigid and homogeneously 
distributed in the flexible polymer (Nielson & Landel, 1994). The data for reduced 
elongation at break using nanofibres indicated that the best fit for the model was 
obtained at 27.0m .  The model predicts that for optimal adhesion between fibre 
and the matrix a value of 31m should be obtained (Averous & Boquillon, 2004).  
In the case of the data used, since the value of m obtained was found to be close to 
1/3 this indicates there was excellent bonding between the nanofibres and the starch 
matrix in the composite films. The nanofibre data for this model is a similar fit as 
that of crystalline cellulose microfibres (Averous & Boquillon, 2004). 
5.4.6 Thermo-mechanical properties 
The dynamic mechanical thermal analysis (DMTA) test showed the variation 
of the viscoelastic behaviour of the soluble starch composites with nanofibre addition 
(Table 5-4).  The storage modulus (E′25°C) and loss modulus (E″25°C) at 25 °C both 
increased with increasing bagasse nanofibre content.  Composites with 20 wt% 
nanofibre showed an increase in E′25°C and E″25°C of 275% and 23% respectively.  The 
E′ value represents stiffness of the film, so the results indicate there is increased film 
stiffness. This result confirms the tensile result where the Young’s modulus increased 
with fibre loading.  The film stiffening with nanofibre addition is probably due to 
strong bonding interactions between the starch matrix and nanofibres.  
An increase in temperature lowers both the E′ and E″ values of the film as it 
becomes softened (less stiff) with increased polymer chain mobility.  Polymer chain 
mobility continues to increase as the temperature increases until eventually the film  
 Chapter 5: Starch composites with sugarcane bagasse nanofibre  Page 121 
Table 5-4  DMTA properties of starch-nanofibre films (conditioned at 
58% RH)* 
Nanofibre + 
(wt%) 
E′
25°C
 
(MPa) 
E″
25°C
 
(MPa) 
T
g
 
(C) 
0.0% 502.6d 95.5c 58.0b 
2.5% 798.5c 99.0bc 77.0a 
5.0% 1163.7b 114.3ab 75.0a 
10% 1359.6a 127.6a 80.0a 
20% 1387.3a 117.6a 77.0a 
* Numerical values under each property with the same letters are not significantly 
different     (P > 0.05) and values are the mean of at least 7 repeats. 
+ nanofibre wt% based on starch weight 
 
reaches the Tg, (i.e. Tan δ = E′ /E″ peak) where it undergoes a sudden increase in 
softening.  At temperatures above Tg the increased film softening allows polymer 
chain crystallization to now begin to take place.   
The Tg value increased from 58 °C for film with 0 wt% fibre to 77 °C with the 
addition of 2.5 wt% nanofibre, while the maximum Tg of 80 °C was attained with 
10 wt% fibre addition, shown in Table 5-4 (Figure 5-12). This coincides with the 
maximum composite strength shown previously to be at 10 wt% nanofibre addition, 
indicating optimal fibre bonding.  The nanofibre bonding optimally with the starch 
polymer at 10 wt% may have contributed to the highest Tg value attained, due to the 
nanofibre effectively restricting the starch polymer chain movement, stiffening the 
film. However, another contributing cause for the increase in Tg is directly 
attributable to the decreased film moisture content, reducing the plasticizing effect of 
water in the starch matrix.  
It is desirable to have an increased Tg since this will prevent the film from 
recrystallising and becoming brittle at higher ambient temperatures.  Hence adding 
nanofibre to starch films improves the properties of the film by increasing the Tg.  
The film stiffening and the higher Tg are probably due to increased bonding 
interactions between the starch matrix and the nanofibre that restricts the free volume 
of the starch polymer chain movement, and hence crystal formation.  
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Figure 5-12  Tan δ vs temperature for the starch composites containing: 0.0, 
2.5, 5.0, 10.0, and 20.0 wt% sugarcane bagasse nanofibres from 
top to bottom.  The tan δ peaks as indicated reveal the location of 
the glass transition temperature for each composite.   
 
5.4.7 FTIR analysis of starch-nanofibre films 
The FTIR spectra of the starch-nanofibre films showed only subtle changes 
associated with the increased fibre loadings compared with the starch-based film with 
no nanofibre (Figure 5-13).  The peak for the O−H stretch of inter- and intramolecular 
interactions is located near 3280 cm-1; the 2924 cm-1 peak is for C−H stretching of 
methyl groups; the C=O carbonyl peak is at 1737 cm-1; the peak near 1645 cm-1 is 
likely due to the δ O‒H bending mode of adsorbed water (Liu et al., 2006; Mandal & 
Chakrabarty, 2011; Pandey, 1999); the 1336 cm-1 peak is assigned to the C−H bending 
of CH2 groups (Mano et al., 2003a); the peak at 1150 cm-1 is attributable to the C−O 
stretching vibrations of C−O−H groups (Jiang et al., 2011; Wu et al., 2010); around 
995 cm-1 the peak is the C−O bond stretching vibration of the C−O−C group in the 
anhydroglucose ring (Dai et al., 2008; Jiang et al., 2011; Wu et al., 2010).  Starch also  
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Figure 5-13  FTIR spectra of the starch composite films with 0 and 10 wt% 
sugarcane nanofibre from bottom to top (normalised on 926 cm-1 
peak).  
 
has a prominent band at 926 cm-1 due to the C−O−H bending and CH2 related modes 
(Jiang et al., 2011; van Soest et al., 1995). The peak at 860 cm-1 is related to C−O−C 
symmetrical stretching and C−H deformation in starch (van Soest et al., 1995). The 
peak at 760 cm-1 is the C─H out of plane bending of the CH2 group on the starch 
glycogen ring (Čopíková et al., 2001).  The peaks at 926, 860 and 760 cm-1 confirm 
the α-configuration of the glycosidic linkage typical of starch (Capek et al., 2010).  
The FTIR spectrum of the starch polymer film reinforced with sugarcane 
bagasse fibre although not showing much change from the unfilled starch film 
spectrum (Figure 5-13) the absorption peak heights were increased for the film not 
containing fibre, since the film moisture content is increased showing increased 
bonding activity.   The broadening and increase in absorbance of the 3286, 1645 and 
1015 cm-1 peaks is evident of the increased number of oscillation modes associated 
with the C-OH bond due to increased film moisture (García et al., 2009; van Soest et 
al., 1995).  
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5.4.8 FTIR subtraction Spectrum 
To gain insight into the nanofibre-starch composite film spectra, the FTIR spectra 
of the starch composite film, not containing fibre, was subtracted from the starch-fibre 
film containing 10 wt% nanofibre (Figure 5-14).  Both spectra were normalised on the 
926 cm-1 peak before spectral subtraction, so that peak heights between spectra 
could be compared.  The 926 cm-1 peak was selected for normalising, because it 
was located close the peaks to be compared and also is not present in the nanofibre 
cellulose spectrum (Liu et al., 2006; Mandal & Chakrabarty, 2011; Zhao et al., 2008).  
Spectral subtraction may have unmask the underlying nanofibre spectrum as well as 
any starch peak absorption enhancements due to nanofibre-starch bonding interactions. 
The result of spectral subtraction (Figure 5-14) showed mostly positive peaks, 
indicating there are enhanced bonding interactions occurring between the nanofibres 
and starch matrix.  The strongly negative peaks (1017 and 995 cm-1) were caused by 
the higher amplitude of the moisture sensitive peaks in the starch film, due to this film 
containing 14% moisture compared with the nanofibre-starch film that contained only 
12 wt% moisture (Figure 5-14) (García et al., 2009; van Soest et al., 1995).  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 5-14  FTIR spectrum result from subtracting the starch film spectrum 
not containing nanofibre from that containing 10 wt% nanofibre. 
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Two of the signature peaks for cellulose:  v C‒O‒C at 1159 cm-1 and v C‒O at 
897 cm-1 are revealed after the starch spectrum was subtracted from the nanofibre film 
spectrum (Zhao et al., 2008).  In addition two enhanced starch-based peaks at 862 and 
771 cm-1 are present (Figure 5-14) indicating increased bond interactions between the 
nanofibre and starch matrix.  To a lesser extent the starch-based film peak at 1336 cm-1 
also shows enhancement.  In fact all three starch-based peaks showed up as strongly 
positive peaks in all of the subtraction spectra for the starch-fibre composites indicating 
further enhanced bonding taking place between the starch matrix and nanofibres.    
5.4.9 Mixing Rule 
According to the mixing rule, the overall component film property is determined 
by the sum of the volume fraction of each component multiplied by the property of 
each component to give the overall property (Section 2.3.2, Eq. 2.6).  In the case of the 
starch-nanofibre film, the wavenumber for the O-H vibration for 100 wt% nanofibre is 
3310 cm-1, whereas for the 100 wt% starch film, it is 3278 cm-1.  Therefore according 
to the mixing rule the wavenumber should vary in direct proportion to the nanofibre 
content of the film indicated by the dashed line (Figure 5-15 (b)). However, the 
wavenumber shifts more rapidly by approximately twice that predicted by the mixing 
rule, shown by the solid line (Figure 5-15 (a)).   
The linear increase in wavenumber shift occurs in films having up to 10 wt% 
(0.7 volume fraction) nanofibre added, is far larger than expected according to the 
mixing rule. However, there is a large drop in wavenumber shown for film with 
20 wt% (0.125 volume fraction) nanofibre added that is far below that predicted by 
the mixing rule (Figure 5-15). The increase in the wavenumber shift indicates there is 
some type of chemical interaction taking place between the nanofibre and the starch 
film matrix for films containing at least up to 10 wt% nanofibres.   The drop in 
wavenumber at 20 wt% nanofibre coincides with a decrease in the film strength and 
therefore reflects a decrease in bonding interaction between fibre and starch matrix. 
This decrease in strength may have been caused by overloading the film with fibre 
causing the fibres to agglomeration by bonding with each other rather than the starch 
matrix. Fibre agglomeration seems a common problem in reinforcement of starch 
films with lignocellulose fibre (Prachayawarakorn et al., 2010; Vallejos et al., 2011).         
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Figure 5-15  FTIR Spectral peak shift of the O-H bond stretching peak located 
between 3278 and 3310 cm-1 showing: (a) data trend line for first 4 
data points and (b) the mixing rule line (dashed line). The 5th data 
point (20 wt% nanofibre) is also displayed.      
There is less moisture in the pure nanofibre film than the starch film that does 
not contain any nanofibre, and this may slightly affect the calculation for the mixing 
rule derived in Figure 5-15 (b).  However, the linear increase in wave number for 
films containing up to 10 wt% nanofibre indicates a correlation with the increasing 
film strength.    
5.4.10 SEM of nanofibre film 
The SEM micrographs of the nanofibre films (Figure 5-16) shows that the 
nanofibres are wetted by the starch matrix and bridging is revealed along the stress 
fractures of the film after tensile testing.  It appears that the fibres are well attached to 
the starch matrix and pulls the film out of shape where the fibre is attached while under 
stress indicated in Figure 5-16 (a) along the stress crack.  After the fibre has broken off 
there is minimal pull-out shown by the small cylindrical nanofibre ends.  These are 
shown to be only slightly protruding from the fractured film surface in Figure 5-16 (b).    
 
y = 55.29x + 3278.3
R² = 1
y = 125.17x + 3278.4
R² = 0.9982
3277
3279
3281
3283
3285
3287
0.00 0.02 0.04 0.06 0.08 0.10 0.12 0.14
W
av
en
um
be
r	(
cm
‐1 )
Nanofibre	(Volume	fraction)
Wave number vs Nanofibre film vol. ratio
(a)
(b)
 
 Chapter 5: Starch composites with sugarcane bagasse nanofibre  Page 127 
(b) 
nanofibres 
deformation
(a) (b) 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 5-16  SEM of the 10 wt% nanofibre film showing: (a) nanofibres 
bridging along stress crack during tensile testing (arrows); 
(b) only a minimal fibre pull-out after breakage (circled 
cylindrical nanofibre broken ends). 
 
5.5 CONCLUSIONS  
Sugarcane bagasse nanofibres (average diameter 26.5 nm; aspect ratio 247) 
derived from unbleached pulp, slightly decreased the moisture content of starch 
films, but doubled the tensile strength and tripled the Young’s modulus.  These 
tensile test results are slightly higher than those obtained by wheat grass nanofibre 
composites (Alemdar & Sain, 2008) but similar to those of flax nanocrystals (Cao et 
al., 2008) or bacterial nanofibres (Wan et al., 2009).  However, the strength of the 
nanofibre composite decreased at fibre loadings above 10 wt%, which may be caused 
by fibre agglomeration and entanglement due to the sugarcane bagasse nanofibre 
having a high aspect ratio.  
The sugarcane nanofibre composite results are significantly higher in 
mechanical strength and stiffness as well as thermo-mechanical properties, reported 
in this study, compared to the films obtained with microfibers reported by previous 
workers.  The increased bonding surface area of the nanofibre compared to 
microfibres assists in the bonding between the starch polymers and the unbleached 
sugarcane bagasse nanofibres.  Models for fibre composite films did not predict the 
initial increase of strength or modulus values due to the increased nanofibre bonding 
at low fibre loadings.  The reason for such rapid increases in strength and the 
Young’s modulus at such low fibre content may be due to formation of a continuous 
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nanofibre network at the low nanofibre loadings.  The DMTA results showed 
increased Tg, E′ and E″ with fibre addition which complemented the tensile testing 
results, by indicating improved stiffness, as a result of the addition of nanofibres.  
There was a slight decrease to the on-set of thermal decomposition for the starch-
nanofibre films compared to the neat starch film.  However, the maximum thermal 
degradation temperature occurred at slightly higher temperatures than the starch film 
on its own.  
Both microscopic (FTIR) and macroscopic (SEM) analyses provided evidence 
of the strong interactions that existed between starch and bagasse nanofibres.  The 
SEM micrographs revealed that the nanofibres were well wetted by the starch matrix, 
and showed that the fibres were strongly attached to the starch matrix since they 
pulled the matrix out of shape where the fibre was attached during tensile testing.   
These results show that the starch composites reinforced with sugarcane 
bagasse nanofibre have a potential application in biodegradable packaging and 
biocomposite medical science (Alemdar & Sain, 2008).      
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Chapter 6  
Thermal Extrusion of Starch 
Composites with Alcohols 
This chapter reports on the effect of reactive extrusion for high amylose maize 
starch (Gelose 80) containing more than 80 wt% amylose, using different 
combinations of methanol (MetOH) and ethanol (EtOH) with the view to improving 
thermoplastic starch-based film properties.   
6.1 INTRODUCTION  
Extrusion is one of the most widely used techniques to process starch-based 
polymers. It allows easier handling in the presence of small quantities of solvents, 
has a broad range of processing conditions and ensures a good degree of mixing that 
minimises phase separation. Starch can be processed into thermoplastic materials in 
the presence of plasticizers using heat and shear by extrusion.  Studies conducted by 
Jbilou et al. (2012) on the extrusion of corn flour-glycerol blends using a twin-screw 
extruder indicated that increasing the shearing zone from one to three resulted in a 
significant increase of the tensile breaking strength and Young’s modulus of the 
corresponding materials.  However, there was a significant reduction in the 
percentage of elongation at break probably associated with mechanical degradation 
and thermal decomposition during processing. 
Thermoplastic starch has a disadvantage over synthetic plastics because its 
mechanical properties weaken with water absorption. This is because thermoplastic 
starch is inherently soluble in water (Azeredo, 2009). One approach to help address 
these shortcomings is by incorporating through melt blending or reactive extrusion 
additives that will stiffen and cross-link the starch polymer (DeLeo et al., 2010; Liu 
et al., 2009; Miladinov & Hanna, 2001; Zhang et al., 2007). The advantages of 
reactive extrusion processing are a flexible, low cost infrastructure and, with the 
correct selection of chemistry, high throughput processing at high starch 
concentrations with high conversions and few by-products (Moad, 2011).  Carr et al. 
(1992) demonstrated that acrylonitrile could be graft-polymerized onto unmodified 
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corn starch in several minutes, compared to 2 h in a typical batch process (Carr et al., 
1992; Yoon et al., 1992). Additionally the water absorbency of the saponified starch-
graft-polyacrylonitrile products was greater in comparison with products prepared by 
batch processing. Miladinov and Hanna (2001) showed that thermally extruding 
acetylated starch with ethanol did not influence compressibility and the unit density 
of the extruded foam produced, but had a significant influence on the spring indices.  
Foam produced at 160 °C with 18 wt% (dry wt. basis) ethanol gave the largest 
increase in springiness. DeLeo et al. (2010) produced thermoplastic films by melt-
blending into a starch/glycerol thermoplastic, small quantities (5 wt% or 15 wt%) of 
maleated polypropylene. The cross-linked starch plastic film was formed by the 
maleic anhydride groups of the polypropylene reacting with the hydroxyl groups of 
starch during thermal screw extrusion.  
Reactive extrusion is a process where starch is reacted with different substances 
during the process of thermal extrusion.  The increased temperature and pressure inside 
the extrusion machine assists with chemical reactions taking place that otherwise 
would not occur, as in the case of boiling and casting films or hot pressing.  The 
thermal screw assists in mixing the reactants together and the mechanical shear of the 
screw assists in destructuring the starch polymer to produce thermos plastic starch.   
Our challenge has been to produce starch-based films with materials so that they 
can be used in applications such as the production of sustainable biodegradable 
packaging materials.  Alcohols have long been known to react and promote oxidation 
of starches (Fox & Robyt, 1992; Robyt et al., 1996). Zhang et al. (2007) reacted 
ethanol and methanol with dialdehyde (oxidized) starch to form acetals that resulted in 
thermal plastic films with better mechanical/thermal properties and lower humidity 
absorption than the thermoplastic film produced without their addition. As a 
consequence of these reported studies, thermal reactive extrusion was chosen in this 
study as it was envisaged that starch, glycerol and alcohols (MetOH and EtOH) will 
intimately react at the temperatures, pressures and shearing rates that prevail in a twin-
screw extruder. The study involved the use of methanol and ethanol and their mixtures 
and the properties of the films examined by gravimetry, X-ray powder diffraction 
(XRD), thermogravimetric analysis (TGA), and dynamic mechanical thermal analysis 
(DMTA). The microscopic structures of the films were examined by Fourier 
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Transform Infra-red (FTIR) and nuclear magnetic resonance spectroscopy (NMR) to 
provide further evidence on the differences in the mechanical properties.  
High amylose starch film cannot be prepared by the typical method of boiling and 
casting film, since it requires a higher than ambient boiling temperature to gelatinise the 
starch crystals.  Thermal extrusion however is an efficient way of producing high 
amylose films because of a combination of high temperature, pressure and shear inside 
the extrusion machine.   
6.2 MATERIALS AND METHODS 
6.2.1 Materials 
The starch type used was a high amylose maize starch (Gelose 80) (80 wt% 
amylose) supplied by National Starch Pty. Ltd. (Lane Cove, NSW, Australia). EtOH 
and MetOH were purchased from (Merck Kilsyth, Vic, Australia).  
6.2.2 Film preparation method 
High amylose starch (Gelose 80) (100.0 g), glycerol (30 g) and water (35 g) were 
thoroughly mixed together before addition of the alcohol at 5, 10 and 20 gs (5, 10 and 
20 wt% starch) in different combinations in the feed mixture.  The starch composite 
was allowed to rest overnight allowing diffusion of glycerol, water and alcohol(s) 
throughout the starch powder to help ensure a homogeneous mixture was achieved.   
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 6-1  Two strands of thermoplastic starch  exiting the two 3 mm holes 
in the die section of the extruder showing complete gelatinisation.  
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The starch mixture was fed at a rate 35 g/min and took approximately 5 mins for 
complete extrusion (Chapter 4).  The slow feed rate avoided overloading the feed 
action of the screw, ensuring consistent operating temperatures and exit die pressure.  
Safety concerns for any flammable alcohol fumes present were addressed by 
keeping alcohol concentrations to a minimum and also by continuously extracting the 
laboratory air using specially designed strong air ventilation fans that constantly 
refreshed/replaced the lab atmosphere with a continuous supply of clean fresh air. The 
complete procedure for the thermal extrusion method used to produce the thermal 
plastic is described in Chapter 3 (section 3.2.3).   
Extensive experimentation was conducted before the desired operating 
conditions were established. The temperature profile along the barrel includes one 
120 °C temperature zone and two 130 °C temperature zones sequentially that not 
only ensures the high amylose starch/glycerol mixture is completely gelatinized but 
also the alcohol readily volatizes/reacts during processing. 
Uniform films were prepared by pelletised cut thermoplastic strands (4 to 5 mm 
lengths) prior to hot pressing. The pellets were then hot pressed as described in 
Chapter 3 (section 3.2.2) for 15 min at 130 °C (266°F).  Hot pressing ensured that any 
residual alcohol was completely removed (EtOH boiling point (b.p.) 78.4 °C (173°F); 
MetOH b.p. 64.7 °C (149°F) (Perry & Green, 2008) as well as the plastic completely 
melted and fused during film formation. All films were conditioned at 58 % RH at 
25 °C, as outlined in Chapter 3 (3.3.2) before assessing the film properties. 
6.2.3 Analytical procedures 
The analytical procedures: Wide angle X-ray diffraction (WAXR), crystallinity, 
TGA, tensile testing, DMTA, FTIR and ANOVA are as outlined in Chapter 3.  
1H-NMR analysis  
Proton nuclear magnetic (1H-NMR) data were collected for 16 scans at 25 and 
70 °C on an INOVA-400 spectrometer (Varian, Palo Alto, CA, USA) operating at 
400 MHz using DMSO-d6 as the solvent.  This solvent is typically used for starch 
composites in solution for NMR measurements since DMSO-d6 does not affect the 
structural characteristic of the amylose biopolymer (Liu et al., 2011). Thermoplastic 
film samples were prepared following a procedure similar to that as report by Sandhu 
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et al (2012). Samples weighing 20 mg were placed into 1 mL of deuterium oxide 
(D2O) and sonicated (½ h with intermittent stirring) then left at room temperature 
(22 to 24 °C) for 12 h.  The samples were then: freeze-dried (lyophilized) (−18 °C); 
re-dissolved in D2O; and freeze-dried a second time, before being transferred to the 
NMR tubes and dissolved in DMSO-d6. Freeze drying twice assists to reduce sample 
H2O proton interference in the 1HNMR spectra. Proton NMR was also carried out on 
starch extract obtained using a Soxhlet extractor in the presence of ethanol in order to 
examine the presence of lipids. 
6.3 RESULTS AND DISCUSSION 
6.3.1 Moisture 
Table 6-1 shows that moisture uptake decreased for the starch-alcohol films when 
compared to the control. The films produced from the 5 wt% alcohol starch/glycerol mix 
have a slightly lower moisture content compared to the other films despite having  
 
Table 6-1 Statistical significance of physical and thermal properties of 
thermally extruded starch films * 
MetOH 
(wt%) 
EtOH  
(wt%) 
Moisture  
 (%) 
Crystallinity 
(%) 
To  
(°C) 
Tmax  
(°C) 
0 0 10.6a 17.7cd 264.0cd 319.9ab 
0 5 8.5e 18.3bc 255.6f 315.9c 
5 0 8.8de 17.8cd 263.8cde 315.1cd 
5 5 8.6de 18.0bcd 257.4f 312.1e 
0 10 9.1d 19.9a 247.9g 314.2d 
10 0 8.9de 19.3a 263.1cde 314.1d 
10 10 9.9bc 18.1bc 268.4a 319.4ab 
0 15 9.0de 19.3ab 260.8e 313.6de 
15 0 9.0de 19.3ab 262.1de 313.6de 
15 15 8.8de 19.2ab 262.4cde 313.6de 
0 20 9.6c 16.8d 267.7ab 319.1b 
20 0 10.2ab 18.2bc 265.2bc 320.1ab 
20 20 10.5a 18.4bc 264.9bcd 320.9a 
* Figures under each property with the same letters are not significantly different (P > 0.05). 
  Note:  All films were conditioned at 58 % RH at room temperature 24 °C.  
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crystallinity comparable to the 0 wt% alcohol-derived (control) film. Generally films 
with a lower moisture content have a reduced crystallinity unless a crystalline material 
such as cellulose nanofibre was added, which reduces moisture (Gilfillan & Doherty, 
2014). The films produced from the 20 wt% alcohol starch/glycerol mixture have 
moisture contents similar to the control and the reason was not clearly understood by 
the authors.  However, the unchanged moisture may be due to occasionally reduced 
screw speed to allow evaporation of excess alcohol.  It may also be related to the 
mechanical degradation process of starch during processing leading to cross-linking of 
starch macromolecules (Bajer et al., 2012). With heat and shear, chains of starch 
macromolecules will break and may recombine to a certain extent depending on the 
environment, as this will differ depending on the alcohol content within that 
environment. 
 
 
 
 
 
 
 
 
 
 
Figure 6-2  X-ray diffraction patterns of films produced by reactive-extrusion 
of high amylose maize starch.  Each film is derived from 
starch/glycerol mixtures that contain 0 wt% alcohol, 5 wt% 
MetOH and 10 wt% EtOH from bottom to top. 
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6.3.2 Crystallinity  
The crystal morphology of the extruded high amylose starch shows a 
combination of B crystal morphology and the VH crystal morphology (Figure 6-2). The 
B crystallinity (2θ) peaks present at 5.5°, 16.8°, 19.6° and (the two overlapped peaks) 
22.1° and 23.8°, as well as a weak 26.1° peak (van Soest et al., 1996b; van Soest & 
Vliegenthart, 1997). The VH crystallinity (2θ) peaks are present  at 7.4°, 12.8°, 18.3°, 
19.8° and 22.4°. The VH (2θ) peaks tend to be very sharp and strong except for the 
more rounded (2θ) peaks at 7.4° and 18.3° (Bertolini, 2009; Chaudhary et al., 2009). 
Crystallinity generally increased at the higher alcohol concentrations > 5 wt% 
in the starch/glycerol mix except for the mixture containing 20 wt% EtOH (Table 6-
1).  Interestingly, the increases in film crystallinity occurred despite the decreased 
amount of film moisture, which is a similar trend noticed when sugarcane bagasse 
fibre (which contains a crystalline cellulose component) was added to films (Gilfillan 
& Doherty, 2014; Gilfillan et al., 2014; Gilfillan, Nguyen, et al., 2012; Gilfillan et 
al., 2013). The trend of increasing crystallinity with increasing alcohol content may 
be due to alcohol molecules complexing with amylose polymer chains that increased 
the formation of VH type of crystal structures, under thermal extrusion process 
conditions (van Soest et al., 1996b; van Soest & Vliegenthart, 1997). 
Table 6-2 suggests the assignment of the signals of the 1HNMR spectrum 
obtained with starch extract that confirmed the presence of phospholipids in the high 
amylose maize starch as also noted by Averous and Halley (2009). It has also been 
Table 6-2 Assignment of the signals of the 1H NMR spectra of starch extract 
(Jimeno et al., 2002; Sacchi et al., 2006) 
Chemical shift δ (ppm) Functional groups Compounds 
5.29 (doublet) Olefinic proton  Unsaturated fatty acid 
3.8 – 4.03 (multiplet) Phospholipid protons Phospholipid 
3.33-3.60  Glucose protons Starch 
2.75 (multiplet) Bis-allylic protons Unsaturated fatty acid 
1.99 – 2.0 (multiplet) Methylenic proton α to double bond Unsaturated fatty acid 
0.84 – 0.82 (multiplet) Methyl protons of alkyl groups 
Poly unsaturated fatty 
acid 
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reported that VH crystal formation is induced by these compounds present in starch 
by the amylose chain complexing with alcohol (Averous & Halley, 2009; van Soest 
& Vliegenthart, 1997). So, the increased formation of VH crystals is likely due, not 
only to the typical formation of the amylose/lipid complex, but also the 
amylose/alcohol complex, during thermal extrusion. The decreased crystallinity for 
the 20 wt% alcohol-derived films is not known.  
6.3.3 Thermal degradation  
Thermal degradation of the high amylose starch films, after water loss, is 
essentially a two stage process with a slight shoulder at 299 °C (Figures 6-3 and 6-4) 
(Aggarwal & Dollimore, 1997) that may be associated with thermal decomposition 
of the film crystal VH structure.  In comparing the TGA thermogram of Soluble 
(potato) starch film, no side peak at all occurred before the Tmax peak (Gilfillan, 
Sopade, et al., 2012). However, Soluble starch only contains 25 wt% amylose 
content and no VH crystal structures were detected (Gilfillan, Sopade, et al., 2012).   
 
 
 
 
 
 
 
 
 
 
 
 
Figure 6-3  Thermal decomposition curve of high amylose starch film 
thermally extruded with 0 wt % alcohol in the starch/glycerol mix 
conditioned at 23 °C and 58 % RH. 
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The onset of thermal degradation temperature (To) (after 5 dry-wt% loss) was 
reduced to the greatest extent, for films derived from starch/glycerol containing 5 and 
10 wt% EtOH by 8 and 16 °C respectively, compared to the control film (264 °C) 
whereas To values changed little for all MetOH-derived films. The To value for film 
derived from the starch/glycerol mix containing both (MetOH and EtOH) alcohols was 
approximately the average of the individual alcohol-derived film To values (Table 6-1).  
To values only being the average of both alcohols when used together shows there may 
be little synergy (enhancement) by reacting the two combined alcohols simultaneously 
(Table 6-1). Generally To showed little change for alcohol-derived films with 
concentrations above 10 wt% compared with the control. The film Tmax was generally 
reduced by 5 to 6 °C for alcohol-derived films with additions up to 15 wt% alcohol in 
the starch/glycerol mix compared to the control film Tmax (320 °C). In contrast to this, 
films derived from 20 wt% alcohol containing starch/glycerol have Tmax values similar 
to that of the control.  A possible explanation for the results where the To and Tmax 
values of some films are less than those of the control, despite having 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 6-4  Thermal decomposition curve of high amylose starch film 
thermally extruded with 5 wt% MetOH in the starch/glycerol mix 
conditioned at 23 °C and 58 % RH. 
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higher crystallinity values, may be caused by the slight reduction in molecular wt. 
due to mechanical degradation.  
In comparison, maize starch has been shown not to react as much as potato 
starch for thermal degradation (Aggarwal & Dollimore, 1996) and this was reflected 
in the lower Tmax (360 °C) for the potato starch control film, used in the sugarcane 
bagasse microfibre and nanofibre starch composite films (Gilfillan et al., 2014; 
Gilfillan, Nguyen, et al., 2012).  However, addition of sugarcane bagasse microfibre 
and nanofibre increased the Tmax (313 oC) similar to that of the alcohol films, due to 
the increased content of the cellulose a component of the fibre. The To of potato 
starch/fibre films although slightly decreased with increasing fibre content because 
of increasing hemicellulose content (Gilfillan et al., 2014; Gilfillan, Nguyen, et al., 
2012). However, the results are similar to the alcohol films To values. 
6.3.4 Tensile testing  
Generally, tensile testing showed increased stiffness and increased Young’s 
Modulus for the films derived from starch/glycerol containing alcohol (Table 6-3). 
The Young’s Modulus for film derived from 5 wt% MetOH starch/glycerol is 
90 MPa (+58%), whereas the films derived from 10 and 15 wt% EtOH 
starch/glycerol gives the next highest modulus with a value of 86 MPa (+51%). 
Most of the films produced from mixtures containing both alcohols (except the film 
produced from the mixture containing 20 wt% MetOH and 20 wt% EtOH) gave an 
average Young’s modulus value of 73.3 MPa (+30%). This consistent increase in the 
Young’s modulus indicates that film stiffness generally increases for thermally 
extruded films derived from starch/glycerol alcohol mixtures. It was shown by the 
work conducted by (Zhang et al., 2007) that MetOH is more reactive than EtOH for 
reactive extrusion of oxidized starch.  The present study has shown that 5 wt% 
MetOH-derived film is more effectively stiffened than EtOH-derived film, though at 
the higher alcohol concentrations (>5 wt%), EtOH-derived films are stiffer. The 
Young’s Modulus values obtained for EtOH-derived films are however all lower 
than the value of the film derived from 5 wt% MetOH. 
The highest tensile strengths were 3.1 and 2.9 MPa for the 5 and 10 wt% 
MetOH-derived films, respectively, compared to 2.7 MPa for the control film. All 
other alcohol-derived films gave tensile strength values less than the control. The 
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largest tensile strain value of 27% (an increase by 33%) was obtained for the 5 wt% 
MetOH-derived films, whereas the other films (except 10 wt% MetOH-derived film) 
gave values less than the control (by 16%). While there was no clear pattern for the 
effect of alcohol on the mechanical properties of starch films, there are clear benefits 
when 5 wt% MetOH was used as an additive in preparing the film. The lack of a 
definite correlation for tensile values may be related to the complexity of the physical 
and chemical reactions occurring in the shearing zones as a consequence of the 
alcohol concentration. 
The tensile strength and percentage elongation at break of corn-flour based 
materials prepared by twin-screw extrusion followed by injection moulding of corn 
flour/glycerol/water mixtures were similar to those obtained in the present study (Jbilou 
et al., 2012). However, the Young’s moduli for the materials that were passed through  
Table 6-3  Statistical significance of tensile properties of thermally extruded 
starch films containing varied MetOH and EtOH contents * 
MetOH ** 
(wt%) 
EtOH ** 
(wt%) 
Young’s 
modulus 
(MPa) 
Max. Tensile 
Stress 
(MPa) 
Strain 
at yield 
(%) 
Strain 
at break 
(%) 
0 0 56.5de 2.7bc 19.2bc 20.5b 
0 5 66.6cde 2.2c 18.1bc 19.7b 
5 0 90.3a 3.1a 25.6a 27.1a 
5 5 76.1abc 2.5bc 15.0bc 16.6b 
0 10 86.0ab 2.5bc 14.6bc 17.1b 
10 0 71.5bcd 2.9ab 20.5ab 22.2ab 
10 10 75.6abcd 2.6bc 16.2bc 17.3b 
0 15 85.5abc 2.5bc 15.7bc 17.5b 
15 0 77.4abc 2.5bc 15.9bc 16.9b 
15 15 77.9abc 2.3c 14.1c 16.0b 
0 20 73.0abcd 2.6bc 18.6bc 19.9b 
20 0 68.3bcde 2.6bc 20.5ab 22.3ab 
20 20 50.0e 2.5bc 20.7ab 22.1ab 
*  Figures under each property with the same letters are not significantly    
   different  (P > 0.05) the mean of at least 6 repeats 
** alcohol wt% based on starch weight  
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three shearing zones have significantly higher values. For the formulation containing 
75/10/15 mass ratio (%) of native corn flour/glycerol/water the Young’s modulus is 
~74 MPa for the one shear zone and ~200 MPa for the three shearing zone (Jbilou et 
al., 2012).  Hietala et al. (2013) extruding potato starch/sorbitol produced a control 
film with high strength (8.8 MPa) and Young’s modulus (445 MPa) but a similar 
elongation at break (23%).  The higher tensile values found by Hietala et. al. (2013) 
may be due to the shearing characteristics of the twin screw used.  The work 
conducted by Vallejos et al. (2011) on film composite materials of thermoplastic 
(corn and cassava) starch/glycerol and sugarcane bagasse (ethanol-water 
fractionated) microfibers obtained Young’s modulus significantly lower and the 
percentage elongation at break larger than those obtained in the present study.  
However, the tensile strength values Vallejos et al. (2011) observed for 
cassava/glycerol (2.2 MPa) and corn (2.6 MPa) at 53% RH were similar to those 
obtained in the present study.  Mathew et.al (2008) in another study produced 
starch/sorbitol films (conditioned at 53% RH) with a slightly higher control strength 
(4 MPa). However, Mathew et. al (2008) also demonstrated that the addition of 
tunicin (sea cucumber) nanofibres produced large increases in strength, showing the 
superiority of using nanofibres. Starch/sorbitol film is generally stronger than 
starch/glycerol film since sorbitol has a higher chain length and has fewer end 
hydroxyls reducing moisture absorption compared with glycerol (Hietala et al., 2013; 
Mathew & Dufresne, 2002).  However, the advantage of thermal extrusion using 
alcohol avoids the sometimes lengthy complex preparation methods of having to 
produce/process the nanofibres required.  
Averous et al. (2000) reported that wheat starch films (conditioned 6 weeks at 
23 °C and 50% RH) containing 25 and 35 wt% glycerol gave Young’s Moduli of 116 
and 45 MPa; tensile strengths of 4.0 and 3.3 MPa; and elongation at break values of 
98 and 104%, respectively. The starch/glycerol film in this study (conditioned at 
23 °C and 58% RH) produced Young’s moduli and tensile strength values of similar 
magnitude. However, the elongation at break was more reduced. Mao et al. (2000) 
improved the mechanical properties of thermally extruded corn starch film 
(containing 30 wt% glycerol) by the addition of polyvinyl alcohol (PVOH). The 
tensile strength increased from 1.8 to 4 MPa and the elongation at break from 113 to 
150% for the 0 and 10 wt% PVOH starch/glycerol film, respectively. The higher 
 Chapter 6: Thermal extrusion of starch composites with alcohols  Page 141 
tensile properties of the PVOH film blends (compared to those in the present study) 
are simply because of the high tensile strength of PVOH. In contrast (Bergthaller et 
al., 1999) found that by adding just 7 wt% lignocellulose (pine wood or cotton) 
microfibre this increased amylomaize starch film tensile strength from 3.5 to 
6.5 MPa while decreasing elongation at break from 80% to 47 or 55% (for each 
starch type respectively) (conditioned 14 days at 25 °C and 45% RH). Differences in 
tensile properties may reflect differences between different starch type properties, 
and differing glycerol content, besides the higher film conditioning humidity in this 
study (58 % RH) tending to increase moisture absorption weakening the film.   
6.3.5 Dynamic mechanical thermal analysis 
The DMTA data (Table 6-4) shows the higher values for E′, E″ and Tg were 
obtained for the 5 wt% MetOH and 15 wt% EtOH-derived films compared to the 
control film. Interestingly only the 5 wt% MetOH-derived film shows a relatively 
large increase in Tg (by 11 °C) whereas the 15 wt% EtOH-derived film showed little 
change in Tg, despite the tensile data indicating that film stiffening is taking place. It 
is expected that E′ and Tg values, both indicators of increased film stiffness, would 
be elevated in conjunction with the Young’s Modulus increase. In general, the trend 
of the alcohol-derived films increasing in stiffness with increasing EtOH 
concentration (> 5 wt % in the starch mixture) and decreasing in stiffness with 
increasing MetOH concentration (>5 wt % in the starch mixture), was similarly 
approximated by the trend of Young’s modulus values. By comparison the addition 
of sugarcane bagasse nanofibres increased all the DMTA values with corresponding 
increases in the Young’s Modulus values (Gilfillan et al., 2014) although this 
increase was through a different mechanism of bonding interactions between fibre 
and the starch matrix. The DMTA values for the high amylose maize (corn starch) 
film in this study were lower than that of the unmodified (normal) corn starch film 
values of Mao et al. (2000). These higher values may be due to the lower 
starch/glycerol ratio (80/20) and lower conditioning relative humidity (50% RH) 
used by Mao et al. (2000) that stiffened the films compared to those in this study.  
DMTA values also may vary because during DMTA analysis, where the test sample 
is heated, any moisture loss will cause an increase to these values. 
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Table 6-4  Statistical significance of tensile properties of thermally extruded 
starch films containing varied MetOH and EtOH content * 
MetOH 
(wt%) 
EtOH 
(wt%) 
E' (25°C) 
(MPa) 
E″ (25°C) 
(MPa) 
Tg   
(°C) 
0 0 567.6b 88.7b 56.0c 
0 5 418.1d 75.0d 42.5d 
5 0 566.6b 84.1c 65.7a 
0 10 525.0c 85.9c 55.3b 
10 0 404.5d 74.6d 43.7d 
0 15 682.8a 99.4a 56.6b 
15 0 375.8e 67.6e 50.9c 
*  Figures under each property with the same letters are not  
   significantly different  (P > 0.05)  
 
6.3.6 FTIR analysis  
The FTIR spectra were normalized on the 1150 cm-1 peak so that spectral peaks 
could be compared with each other (Figure 6-5). There was an increase to the COO‾1 
(carboxylic anion) asymmetric stretching peak located at 1545 cm-1 for the MetOH 
derived film compared to the control (Gershevitz & Sukenik, 2003; Wang et al., 2013; 
Yost et al., 1990).  This increase in peak height suggests that oxidation of the glucose 
units is occurring by MetOH (Figure 6-6).  However, for the EtOH derived film an 
almost negligible peak was observed at 1545 cm-1 (similar to that of the control) 
indicating MetOH allowed more oxidation of the starch molecule than EtOH (Lorenz 
& Johnson, 1972).  A more significant difference in the FTIR spectra between the 
control and both alcohol-derived films was an increase in intensity of the 1740 cm-1 
peak that is partially merged with the 1650 cm-1 peak assigned to δ (O─H) bending of 
water molecules absorbed by starch. The peak at 1740 cm-1 may be due to the C=O 
stretching in starch dialdehyde although it is at a higher frequency than would be 
expected (Wang et al., 2013; Zhang et al., 2007). However, the absence of an aldehyde 
C–H at 9.5 ppm in the 1HNMR rules out this possibility (Figure 6-8). This peak is 
more typical of C=O stretching in esters and suggests that the carboxylate groups 
initially formed by oxidation of the glucose units are partially esterified by the alcohol 
present in the films during the extrusion stage (Mano et al., 2003b). 
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Figure 6-5  FTIR spectra for films containing 0 wt% alcohol, 5 wt% MetOH 
and 10 wt% EtOH, from bottom to top.  
 
The EtOH-derived film although having a negligible peak increase at 1545 cm-1 
for the COO‾1 asymmetric stretching, does appears to have a larger increased peak 
height for the C=O peak at 1740 cm-1 compared with the C=O peak  for MetOH 
(Figure 6-5). The smaller C=O peak for MetOH derived film may be explained by 
the C=O being further oxidised to produce the COO‾1 anion.   
It may also be considered that the increase in the C=O and COO‾1 peaks may 
simply be due to oxidation of the MetOH or EtOH and not due to starch oxidation 
and esterification. However, the C=O and COO‾1 peaks appear to be more noticeably 
increased in amplitude for the films with the most improved physical properties 
(i.e. 5 wt% MetOH and the 10 and 15 wt% EtOH derived films).  
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The peaks around 1330 to 1450 cm-1 are assigned to C─H bending and 
wagging (out of plane bending) of CH2 (Mano et al., 2003b). The peaks located from 
1500 to 1200 cm-1 have an overlapping of the C─H in-plane and O─H bending, so it 
is difficult to distinguish the different absorption peaks in this part of the spectrum.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 6-6  Starch modification by oxidation and alcohol esterification. 
 
6.3.7 1HNMR analysis 
The 1HNMR of native starch and of three film preparations was taken at both 
25oC and 70oC (Figure 6-8). The structures of the species involved are shown in 
Figure 6-7 where MetOR and EtOR represent the methyl and ethyl alcohol esters 
respectively (R = bonding composite structure). There were no residual alcohols 
present in the films. The exact position of hydroxyl protons in 1HNMR is highly 
variable and depends on a number of factors including concentration, solvent, 
temperature, hydrogen bonding and exchange rate. 
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In the spectrum taken at 25oC the internal hydroxyl groups in starch are in slow 
exchange and appear as separate signals between 4.5 and 5.6 ppm: A, 5.52 ppm (C2-
OH); B, 5.41 ppm (C3-OH); D, 4.58 ppm (C6-OH) (Figure 6-8-bottom). The 
anomeric hydrogen (H1) is more de-shielded and appears at C, 5.09 ppm. The 
remaining starch hydrogens: H2, H3, H4, H5, H6 and H61 appear between 3.25 and 
3.63 ppm (Liu et al., 2011; Zhang et al., 2007). In the film samples the glycerol 
hydroxyl groups are evident at 4.45 and 4.39 ppm. The strong water peak is located 
at 3.38 ppm. The remaining C-H’s of glycerol (or any alcohol esters: MetOR or 
EtOR) occur in the highly overlapped region between 3.25 and 3.63 ppm. At 70o C 
there is a shift in the position of most of the signals as expected (Figure 6-8-top). The 
water signal moves from 3.38 to 3.12 ppm making the CH region between 3.25 and 
3.75 ppm more visible and the glycerol and reacted/esterified alcohol C-H’s can be 
seen at about 3.45 ppm. 
The anomeric hydrogen (H-1) has moved only slightly from 5.09 to 5.10 ppm. 
However, the most significant change is in the chemical shift of the hydroxyl groups. 
In native starch the hydroxyl groups appear to be in an intermediate exchange regime 
with some in rapid exchange with each other resulting in an averaged signal at 
5.14 ppm and some in rapid exchange with water giving rise to an averaged peak at 
4.28 ppm. In the film samples (including the starch processed without the addition of 
alcohol), the peak at 4.28 ppm disappears and that at 5.14 ppm broadens. The 
disappearance of the peak at 4.28 ppm in the film samples is simply due to significant 
reduction in the water mass fraction. The broadening of the peak at 5.14 ppm may be 
 
 
 
 
 
 
 
 
 
Figure 6-7  Molecular structures indicating the H atomic position that 
produced the 1HNMR peaks for: (a) starch (b) glycerol, 
(c) MetOR (ester) and (d) EtOR (ester). 
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Figure 6-8  1HNMR spectra in DMSO-d6 for: (a) high amylose starch,              
(b) 0 wt% alcohol- derived starch film , (c) 5 wt% MetOH-derived 
starch film, (d) 10 wt% EtOH-derived starch film at 25 °C 
(bottom) and 70 °C (top). 
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due to the creation of a different environment, as a consequence of the oxidation 
processes, resulting in increasing the exchange rate and/or sample concentration. It 
may also, be due to the fact that water content is significantly lower in the film 
samples and this could result in greater hydrogen bonding between starch hydroxyl 
groups.  This broadened hydroxyl peak is significantly more intense in the film 
prepared with MetOH suggesting increased hydrogen bonding. This film has been 
shown to contain more COO‾ groups in starch from the previous FTIR analysis. 
Furthermore, it is likely that increased temperature, pressure as well as mechanical 
shear and mixing of the starch as a result of the extrusion process allows more ready 
access to the starch hydroxyl groups for increased interactions.   
6.4 CONCLUSIONS 
Thermal extrusion has shown to be a convenient method for enhancing starch 
film mechanical properties by the addition of MetOH and/or EtOH before 
processing. The film stiffness was significantly increased (i.e., improved) as 
indicated by increases in the Young’s modulus and the Tg values. The 5 wt% 
MetOH-derived film produced the highest increased stiffness (59%) and strength 
(15%), whereas the 10 and 15 wt% EtOH-derived films gave the second highest 
increased stiffness (52%) although with a decreased strength (7%). The DMTA 
data showed that increasing the MetOH starch mixture content > 5 wt% decreases the 
derived film stiffness, whereas the reverse is true for increasing the EtOH in the starch 
mixture >5 wt%. The alcohol-derived film moisture content was marginally reduced, 
while thermal degradation temperatures To and Tmax slightly decreased. The FTIR 
analysis revealed both alcohols oxidized starch to form carbonyl groups. The 1HNMR 
further supports that MetOH reacted more so than EtOH with suggestion of increased 
molecular interactions of starch molecules. No residual unreacted alcohol was detected 
in the films because it volatilized out during the thermal extrusion and hot-pressing 
processes.   
Overall results showed that thermal extrusion of starch films in the presence of 
alcohol improves the mechanical properties of the films. These promising results 
indicate that these films may have a potential application for biodegradable 
packaging materials. Further experimentation by using a catalyst may lead to further 
improved mechanical and moisture resistant properties.  
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Chapter 7  
Starch Composites with  
trans-Aconitic Acid 
This chapter describes the investigation into the effects of using the 
tricarboxylic acid, trans-aconitic acid (trans-propene-1, 2, 3- tricarboxylic acid, 
AcA) on starch film properties. The presence of a carbon/carbon double bond and 
carboxylic acid functionality are expected to assist the cross-linking of the starch 
polymer molecules (Ghanbarzadeh et al., 2011; Reddy & Yang, 2010).   
7.1 INTRODUCTION 
Cross-linking is a way of improving the properties of starch-based film, with 
improved mechanical properties and resistance to solubility.  Many of the chemicals 
used for cross-linking starch are relatively toxic, expensive and/or do not produce 
improved properties (Ghanbarzadeh et al., 2011; Reddy & Yang, 2010). Citric acid 
(CA) is a typically inexpensive and non-toxic organic acid used to cross-link starch 
(Ghanbarzadeh et al., 2011; Ma et al., 2009; Reddy & Yang, 2010; Shi et al., 2008; 
Shi et al., 2007; Stewart, 2007).  During film formation the presence of a cross-
linking agent assists in the creation of a network of bonded cross-links within the 
film.  These crosslinks generally improve the film moisture resistance since the 
network helps to prevent film swelling, which in turn reduces the absorption of 
moisture. The prevention of moisture uptake assists the film to maintain its physical 
integrity during exposure to moist conditions such as high humidity or liquid water.   
Ghanbarzadeh et al. (2011) using the solvent cast method, chemically modified 
starch/glycerol films by cross linking the starch polymer with CA to produce a more 
moisture resistant and stronger film.  The water vapour barrier property and the 
tensile strength were improved significantly (p < 0.05) as the CA percentage 
increased from 0 to 10 wt% (based on starch wt). 
Reddy and Yang (2010) also successfully used CA as a cross-linking agent in 
cast starch/glycerol films. Using 5 wt% CA in combination with 15 wt% glycerol and 
curing the film at 165-170 °C for 5 min the film strength was increased by 150%.   
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Solubility testing using water showed that cross-linking occurred in the CA derived 
films, since these films only lost 25 wt% whereas the non-cross-linked films without 
CA, lost 75 wt%.   
AcA belongs to the same class of tricarboxylic acids as CA and may be 
considered to be used also as a cross-linking agent. It is not toxic and is relatively 
cheaper than other chemicals used for cross-linking starch.  AcA is found to be 
naturally present in molasses, the dark syrup separated from raw sugar crystals, 
therefore AcA may be isolated from molasses during the sugar mill processing. In 
fact AcA was first isolated in 1941 by McCalip and Seibert (1941) and more recently 
improved recovery methods were investigated (Gil, 2007; Kanitkar et al., 2013).  
The use of AcA as a cross-linking agent is desirable since it originates from a 
renewable plant source and also is not toxic as it is approved by the Food and Drug 
Agency (FDA) as a food flavouring additive (Select Comittee on Generally 
Recognised as Safe Subatances (SCOGS) Opinion: Aconitic Acid, 1974).   
As it has been demonstrated that CA is a suitable cross-linking agent for cast 
starch/glycerol films so too it is expected that other organic acids of a similar class, 
such as AcA, will also have cross-linking potential (Ghanbarzadeh et al., 2011; 
Reddy & Yang, 2010).  AcA contains a single carbon/carbon double bond (C=C) due 
to the loss of one water molecule from CA, so it was anticipated that this would 
make it more highly reactive and cross-link more readily than CA (Figure 7-1).     
 
 
 
 
 
 
 
 
Figure 7-1  Molecular structures of: (a) Citric acid and (b) trans-aconitic acid. 
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7.2 MATERIALS AND METHODS 
7.2.1 Materials 
The starch type used was the same potato derived starch, brand named Soluble 
starch a as previously described in Chapter 4.  Trans-aconitic acid (99.9% Reagent) 
was supplied by the Nanjing Fayekong Chemcial Co.,Ltd, China. 
7.2.2 Film preparation method   
Mixtures of Soluble (Sigma brand name) (potato) starch (15 g), glycerol (3 g) and 
distilled water (500 mL) along with (trans) AcA in the amounts of 0, 0.3, 0.75, 1.5 and 
2.25 g for 0, 2, 5, 10 and 15 wt% films respectively (based on starch wt) were prepared. 
All solutions were boiled for a total of 30 minutes ensured complete starch 
gelatinisation. The dry films were subsequently conditioned at 58% RH and 23 °C as 
described in Chapter 3 (section 3.3.2) before analysis. The films reached equilibrium 
(i.e. constant wt) in approximately 5 days since little moisture was absorbed, unlike 
previous films.   Preparation of the solvent-cast glycerol plasticised AcA derived starch 
film was as described in Chapter 3 (section 3.2.1).   
7.2.3 Swelling and solubility analysis   
The swelling studies are one of the ways to determine the degree of cross-linking 
in films (Radi et al., 2010).  The initial mass of the conditioned film samples ( initW ) 
was measured and the density ( init ) determined based on the moisture content to give 
the initial film volume ( initinitinit WV  ).  Film samples were directly submerged into 
a flask containing distilled water (23 °C) that was decanted off and collected each day 
as the water soluble components and uncross-linked polymers dissolved into solution.  
The collected solution was replaced each day with an equivalent amount of distilled 
water. The hydrated film gel was removed and excess water carefully blotted off the 
surface with tissue paper before being weighed to give the film gel weight ( gelW ).  The 
procedure of decanting, collecting, replacing the water and weighing the film gel was 
repeated until the gel weight remained constant indicating swelling equilibrium had 
been reached. The hydrogels were dried in an oven at 40 °C and the gel dry weight 
( geldryW  ) measured. The dry gel films were then conditioned (58% RH at 23 °C) and 
weighed giving the moisture and density of the conditioned gel film. The density of the 
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swollen gel ( gel ) was then determined and hence the film gel volume 
( gelgelgel WV  ). The gel  for 0, 2, 5, 10 and 15 wt% AcA derived film was 
determined to be approximately 1.004, 1.023, 1.016, 1.008 and 1.008 g/ml 
respectively, slightly higher than for water 0.9975 g/ml (23 °C) (Perry & Green, 2008).  
The collected soluble water fractions were oven dried (40 °C) to constant weight and 
the dry soluble component weight ( soldryW  ) determined.   
The volume fraction (Q ) was determined by the ratio of the swollen gel 
volume ( gelV ) over the initial conditioned volume ( initV ) (Equ. 7.1) (Elbert et al., 2001).    
init
gel
V
V
Q       Equation 7.1 
The soluble fraction was determined by the ratio of soldryW   from the solution 
water over the sum of geldryW   and soldryW   (total weight) (Equ. 7.2). 
%100%  

soldrygeldry
soldry
WW
W
Sol    Equation 7.2 
 
7.3 RESULTS FOR ACONITIC ACID DERIVED FILMS  
7.3.1 Moisture uptake  
The moisture of the AcA derived film indicates that as the AcA content 
increased the moisture content marginally increased (Table 7-1) that may be due to 
the free residual AcA left in the film acting as a plasticiser (Yu et al., 2005). In fact a 
similar effect was found for CA as its content exceeded 8 wt% (Ma et al., 2009).  It 
was reported that increasing CA content causes the increase in the interchain spaces 
and chain mobility due to inclusion of residual free CA molecules between the 
polymer chains which in turn promotes water absorption (Ghanbarzadeh et al., 
2011).  It is assumed that AcA now behaved in the same manner and reduced 
hydrogen bonding between starch polymer chains which softens the film.  However, 
if the hydrogen bonding between AcA and starch molecules is stronger than that of 
the glycerol, then glycerol becomes displaced, with increased phase separation in the 
starch matrix.  This may cause increased moisture absorption, as in the case of 
increased glycerol content. On the other hand the strong bonding between AcA and 
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starch hydroxyl groups (similarly to CA) may prevent water from hydrogen bonding 
with the starch preventing increased moisture uptake with increased AcA content 
(Reddy & Yang, 2010; Yu et al., 2005).  Furthermore, the cross-linking by AcA 
reacting with the starch matrix and forming a three dimensional network will prevent 
film swelling and limit moisture absorption.  However, it should be noted that the 
moisture content remained relatively constant from 5 to 15 wt% AcA films.  
Table 7-1  Moisture and crystallinity properties of film* 
AcA  
(%) 
Moisture  
(%) 
Crystallinity  
(%) 
0.00 7.0b 1.02d 
2.00 7.5b 2.82a 
5.00 8.3ab 1.67c 
10.00 8.6a 2.29b 
15.00 8.8a 3.22a 
* Figures under each property with the same letters 
are not significantly different (P > 0.05). 
7.3.2 Crystallinity  
The crystallinity of AcA derived film does not show a trend with increasing AcA 
content.  It did show, however, that the film crystallinity increased with the addition of 
AcA (Table 7-1).  This crystallinity increase indicates that although AcA strongly 
hydrogen bonds with the hydroxyl starch polymer groups there develops increased 
areas of glycerol phase separation in the starch matrix allowing limited moisture 
absorption and increased freedom of movement (free volume) for the starch polymer 
chains allowing them to crystallise.   
The X-ray diffraction patterns of the AcA derived films (Figure 7.2) reveals an 
increase in the profile of the prominent B type crystallinity main peak (typical for 
potato starch) located at 17° (2θ) (van Soest et al., 1996b; van Soest et al., 1995) with 
the increase of AcA (Table 7.1).  However, the 2 wt% AcA derived film showed the 
greatest peak intensity and the reason for this is not known. 
There is also the observation of the film structure becoming more amorphous 
with increases in the derived AcA film content as indicated by the prominent 
amorphous halo (Nakamura et al., 1989) or ‘rounded hump’ located in the 8° (2θ)  
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Figure 7-2  X-ray diffraction patterns of cast films (conditioned at 23 °C, 
58% RH) with each film derived from starch/glycerol mixtures 
that contain 0, 2, 5, 10 and 15 wt% aconitic acid (starch wt% 
basis) from bottom to top.  
 
region in most of the samples derived from AcA (Figure 7.2)  This may be due to the 
presence of AcA rearranging the film structure and creating distinct regional phases. 
 
 
7.3.3 Thermal gravimetric analysis  
Thermal degradation generally decreases with increases in AcA derived film 
as indicated by: To, Tmax and T50 (temperature at 50 wt% dry mass loss) (Table 7-
2). There is also an increase in the number of DTG side peaks (Pk1, Pk2 and Pk3) as 
part of the main degradation peak, associated with increases in mass loss as indicated 
by the derivative of the mass loss (DTG) graph (Figure 7-3, 7-4, 7-5, 7-6  and 7-7).      
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Table 7-2  Thermal degradation properties of aconitic acid derived film* 
AcA  
(%) 
To  
(°C) 
Tmax  
(°C) 
T50  
(°C) 
Pk1**  
(°C) 
Pk2** 
(°C) 
Pk3** 
(°C) 
0 257a 311b 310b --- --- --- 
2 258a 315a 321a 263b --- --- 
5 245b 299c 307c 250c 272b --- 
10 239c 247d 302d 276a 283a --- 
15 237c 263e 303d 224d 255c 278 
* Figures under each property with the same letters are not significantly 
different (P > 0.05).  **Degradation side Peaks (Pk1, Pk2 and Pk3) as shown on 
DTG graphs at increasing temperatures.
 
The initial weight loss (10 to 11 wt%) reaches a maximum (DTG peak) 
between 110 to 120 °C as volatiles are driven off. Initial weight loss is considered to 
be water since glycerol degrades only at higher temperatures (199 to 249 °C) and the 
initial weight loss is similar to the moisture content (Castelló et al., 2009; Shi et al., 
2007; Yu et al., 2005). 
Thermal degradation for the 0 wt% AcA derived (control) film is a one step 
process (after initial moisture loss) with no additional (DMT) peaks (Figure 7-3 and 7-4) 
(Gilfillan, Nguyen, et al., 2012).  The Tmax peak for 0 wt% AcA film is generally lower if 
there is a higher glycerol content or higher for a higher amylose starch content (Gilfillan 
et al., 2014; Gilfillan, Nguyen, et al., 2012). However, the 2 wt% AcA derived film 
showed an increase in both the Tmax, and T50 with values of 315 and 321 °C respectively 
compared to the control, Tmax, and T50 values of 311 and 310 °C, respectively. More 
thermally stable compounds are forming with the 2 wt% AcA derived film even though 
a prominent degradation side peak appears at 263 °C (Figure 7-4 (a)). In a similar way, 
starch/glycerol thermal plasticised film containing 3 wt% CA increased the temperature 
of thermal degradation  by formation of stronger hydrogen bonds (Yu et al., 2005).   
The initial degradation DTG side peaks (between  247 and 276 °C) become 
more prominent and decrease in temperature as the AcA content for derived films 
increases from 5 to 10 wt% with the first peak becoming Tmax (Figure 7-5 and 7-6).  
Meanwhile a second DTG peak also begins to appear for 5 and 10 wt% AcA derived 
films at 272 and 276 °C respectively.  The 15 wt% derived AcA film shows the Tmax 
(263 °C) having two side peaks (255 and 278 °C) and a third degradation peak at 224 °C.   
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Figure 7-3  Thermal degradation curves for 0 wt% aconitic acid derived film.   
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 7-4  Thermal degradation curves for 2 wt% aconitic acid derived film.   
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Figure 7-5  Thermal degradation curves for 5 wt% aconitic acid derived film.   
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 7-6  Thermal degradation curves for 10 wt% aconitic acid derived film.   
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Figure 7-7  Thermal degradation curves for 15 wt% aconitic acid derived film.   
 
However the To and T50 temperature values for the 10 and 15 wt% AcA derived films 
are almost the same (within 2 °C) and are not significantly different having a similar 
overall thermal stability.  
The To, T50 and Tmax value decrease as AcA content for derived film increases 
from 5 to 15 wt%, indicates a decrease in thermal stability in that temperature range. 
This appears to contradict claims of improved thermal stability due to cross-linking 
(indicated for these films in the later part of this study) but may be explained by 
possible acid hydrolysis of starch polymer chains with increased AcA concentration 
(Yu et al., 2005). The decreased thermal stability result is similar to the increased 
degradation between 220 and 320 °C for starch/glycerol film having increased CA 
content (Ma et al., 2009; Reddy & Yang, 2010; Shi et al., 2007).    
Another trend noted is the increase in the amount of residue remaining after the 
major DMT degradation peak that increases from 19 wt% for the control to 24, 26, 27, 
and 29 wt% for 2, 5, 10 and 15 wt% AcA derived films, respectively.  As well the 
remaining undegraded residue left over at 500 °C increases from 13 wt% for the control 
to 17, 19, 20 and 23 wt% for 2, 5, 10 and 15 wt% AcA derived films, respectively 
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(Figure 7-3 to 7-7).  The high temperature residual compounds resisting degradation 
may be compounds formed due to cross-linking of AcA in the starch/glycerol film.  
This same trend of thermally stable residue increase was noted for CA cross-linked 
starch/glycerol film and was attributed to CA crosslink formation (Reddy & Yang, 
2010; Shi et al., 2007; Yu et al., 2005). 
7.3.4 Tensile testing analysis  
Tensile testing results show an increased softening of the film indicated by the 
decrease in the Young’s modulus and tensile strength as well as the increase in strain 
(Table 7-3 and Figure 7-8). As expected the 2 wt% AcA film was significantly 
stronger than all of the other AcA films.  However, the Young’s modulus for the 
2 and 5 wt% AcA derived films were not significantly different which may simply be 
due to the small difference in the AcA mixture content. In addition however the 
strain at yield and strain at break for the 0, 2 and 5 wt% AcA derived films were not 
significantly different. Likewise there were no significant differences between the 
modulus or strength values between the 10 and 15 wt% films.  However for 10 and 
15 wt% films the strain at yield was 58 and 99 % and the strain at break was 64 and 
102% respectively, which demonstrated significantly increased tensile strain values.    
The significant different trends between the films are more easily highlighted by 
the strain vs stress graphs for the films (Figure 7-8). The tensile graph shows a steady 
decrease in tensile strength between 0, 2 and 5 wt% AcA derived films, then a 
significant difference between 10 and 15 wt% AcA derived films, a similar result to 
that for CA (Ghanbarzadeh et al., 2011). The Young’s modulus and tensile strength 
decrease by approximately 86% and 67% respectively, while the strain at break and 
strain at yield increase by approximately 29x and 13x respectively.   
A similar steady decrease in tensile strength was also found by Yu et al. (2005) for 
thermally extruded starch/glycerol film with (0.6, 1, 2, and 3 wt%) CA additions. The 
higher processing temperature for extrusion compared to that for the casting method 
explains why less CA had a similar result with the higher temperature increasing the CA 
reaction. However, Ghanbarzadeh et al. (2011) for solvent cast starch/glycerol film with 
(5 and 10 wt%)  CA added increased the tensile strength, whereas a dramatic decrease in 
tensile strength occurred with increased (15 and 20 wt%) CA additions.   
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Table 7-3  Tensile analysis of aconitic acid derived film* 
AcA  
(%) 
Young’s 
modulus  
(Mpa) 
Max. Tensile 
Stress  
(Mpa) 
Strain at 
yield  
(%) 
Strain at 
break  
(%) 
0 643a 8.80a 2.11c 2.89c 
2 419b 5.62b 2.68c 8.40c 
5 328b 3.76c 2.25c 5.97c 
10 61.7c 1.18d 57.7b 63.7b 
15 38.1c 1.25d 99.0a 101.7a 
* Figures under each property with the same letters are not 
significantly different (P > 0.05). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 7-8  Tensile stress vs strain curves for: 0, 2, 5, 10 and 15 wt% aconitic 
acid derived films.   
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However, neither Ghanbarzadeh et al. (2011) nor Yu et al. (2005) working on CA 
films  showed the dramatic increase in the elongation at yield and break as shown by 
the  addition of 10 and 15 wt% AcA (Figure 7-8). 
 
 
7.3.5 DMTA analysis  
DMTA results show that the addition of AcA made the film less rigid and more 
flexible as indicated by the decrease in E′ and E″ as well as the decrease in Tg (Table 
7-4). This result supports the same general trend shown for tensile testing results.  
The similar E′ and E″ values for 2 and 5 wt% AcA derived films correlate with the 
similar Young’s modulus values indicate the films have similar stiffness. However 
the low Tg (49 °C) for the 2 wt% AcA derived film contradicts this since the 
5 wt% AcA derived film has a higher Tg (63 °C) that indicates the 5 wt% AcA 
derived film is stiffer than the 2 wt% AcA derived film. The 10 wt% AcA derived 
film appears more rigid than either the 5 or 15 wt% derived AcA films since E′, E″ 
and Tg are significantly larger which appears to contradict the tensile results. The 
reason for the increased stiffness may be due to more cross-linking for the 
10 wt% AcA derived film than the 5 wt% AcA derived film and less of a plasticising 
effect from less AcA present in the film than for the 15 wt% AcA derived film.     
The Tg values are indicated by the tan δ peaks of the graphs for tan δ vs 
temperature (Figure 7-9). The highest Tg value (99 °C) is for the 0 wt% AcA derived 
film as expected since it has the least plasticiser content (20 wt% glycerol) and so 
contains more tightly bonded starch polymer chains.  However the 2 wt% AcA 
derived film has the lowest Tg (49 °C) indicating that the AcA has a strong 
plasticising effect on the starch/glycerol films.  The increased Tg at 5 and 10 wt% 
AcA may be associated with cross-linking. At 15 wt% AcA the increased residual 
AcA remaining after having cross-linked the film may be acting as a plasticiser to 
lower the E′, E″ and Tg values. 
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Table 7-4  DMTA analysis of aconitic acid derived film* 
Ac Acid 
(%) 
E′  
(MPa) 
E″  
(MPa) 
Tg  
(°C) 
0.0 1849a 84d 99a 
2.0 519c 133b 49e 
5.0 489d 136b 63c 
10.0 814b 178a 71b 
15.0 212e 95c 57d 
* Figures under each property with the same letters 
are not significantly different (P > 0.05). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 7-9  DMTA graphs of tanδ vs temperature with the peaks indicating 
the glass transition temperature for films derived with 0, 2, 5, 10 
and 15 wt% aconitic acid in the starch/glycerol mix (conditioned 
at 58% RH and 23 °C).    
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7.3.6 FTIR  
The analysis of the FTIR spectra shows little change between the different 
films derived from AcA (Figure 7-10).  All spectra are normalised on the distinct 
1150 cm-1 spectral peak which gave the least variation between films. However, the 
spectral peak for 0 wt% AcA derived film located at 1645 cm-1 showed a continued 
shift to 1635, 1627 and 1603 cm-1 for film derived with 2, 5 and 10 wt% AcA, 
respectively (Figure 7-11). This trend is reversed for 15 wt% AcA derived film 
having a wavenumber value of 1627 cm-1 similar to the wavenumber for 5 wt% AcA 
derived film.   
The FTIR peaks besides showing shifts in wavenumber are of higher intensity 
and broader than the control, indicating increased hydrogen bonding.  Since the 
moisture in all the films is similar (Table 7-1) it may be that the increased hydrogen 
bonding of starch hydroxyl groups with the increased AcA free-residue present 
similarly to that for CA starch film (Yu et al., 2005). This hydrogen bonding between 
the starch matrix and AcA also may be acting in a similar manner to an increased 
presence of water here.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 7-10  FTIR spectra for the: 0 and 10 wt% AcA derived films from 
bottom to top (conditioned at 23 °C, 58% RH). 
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Figure 7-11  FTIR spectra showing peak shifts of cast films derived from 
starch/glycerol mixtures that contain 0, 2, 5, 10 and 15 wt% AcA 
(starch wt% basis) from bottom to top.  
 
7.3.7 Swelling and solubility  
Swelling and solubility studies are used to determine the degree of cross-
linking in films (Radi et al., 2010). The results (Figure 7-12) show that for 0 wt% 
AcA derived film there was approximately 3x as much (74 wt%) of the film 
dissolved compared with 5 wt% AcA derived film (28 wt%).  These results are 
similar to that found by Reddy and Yang (2010) for 15 wt% glycerol film cross-
linked with 5 wt% CA immersed in 50 °C water for 35 days.  The solubility results 
were also similar to that of Hue et al. (2009) for oxidized potato starch film with 
19.4 % glycerol.  The trend (Figure 7-12) shows that overall the 5 wt% AcA derived 
film was the least soluble which indicates it is the most cross-linked of all the films. 
However the 10 and 15 wt% AcA derived films also show similar solubility and 
therefore the same cross-linking.   
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Figure 7-12  Solubility and swelling derived from starch/glycerol mixtures that 
contain 0, 2, 5, 10 and 15 wt% aconitic acid (starch wt% basis) 
from bottom to top.  
 
The swelling ratio (Q) results (Figure 7-12) closely follows the same trend as 
that for the solubility results.  The exception however is that Q for the 2 wt% AcA 
film was unexpectedly the lowest value. This result may be due to excessively 
blotting out the moisture from the small amounts of gel left from hydration. If 
excessive water was removed then the swelling value would be inadvertently 
reduced. The swelling data for 5, 10 and 15 wt% AcA derived film was considered  
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Figure 7-13  Top view of solubility/swelling test of cast films derived from 
starch/glycerol mixtures containing (a) 0 wt% and (b) 15 wt% 
aconitic acid (based on starch wt) after four days being immersed 
in pure distilled water. 
 
 
more representative since larger amounts of gel present reduced the magnitude in the 
moisture error for excess blotting of the sample.  Besides, the solubility data was 
considered more reliable since this was based on the dry weights of the soluble 
portion and insoluble gel. Overall the 0 wt% AcA derived film (Q = 82 times) 
swelled approximately 2.5 times more than the 5 wt% AcA derived film 
(Q = 35 times).  Therefore, it was considered that the 5 wt% AcA derived film 
overall was the most cross-linked film based on both the solubility and swelling data 
after consideration of the experimental error.  
The difference in solubility between the films is easily seen when viewed in the 
solution after swelling equilibrium was reached in 4 days. The 0 wt% AcA derived 
film was mostly disintegrated (similar to the 2 wt% AcA derived film) and mostly 
dissolved whereas the 15 wt% AcA derived film (similar to the 5 and 10 wt% AcA 
derived film)  is seen still to be in tact (Figure 7.13) 
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7.3.8 Average molecular weight between cross-links (Mc)   
The swelling of the film at equilibrium in water is the basis for estimating the 
average molecular weight between cross-linked polymer network structures (Mc) 
using the Flory-Rehner rubber elasticity model equation (Eq. 7.3)  (Elbert et al., 
2001; Flory, 1953; Flory & Rehner, 1943; Radi et al., 2010): 
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   Equation 7.3 
where   is the volume fraction of polymer in the swollen gel (
QV
V
gel
init 1 ) (or 
reciprocal of the “swelling volume”)  is the initially conditioned polymer film 
density before hydration ( the specific polymer volume), is the polymer 
solvent interaction parameter (0.48 for starch/water) (Habeych et al., 2009),  the 
molar volume of water (18.060 ml/gmole) and Mn the number average molecular 
weight of starch polymer chains before cross-linking (1.350 x 106 g/mole) (Lisinska & 
Leszczynski, 1989).  
To calculate the volume fractions of the hydrogels the density of potato starch, 
density of water and density of glycerol were assumed to be 1.53 g/mL (DeLeo et al., 
2009), 0.998 g/mL (Perry & Green, 2008) and 1.26 g/mL (Merk Pty. Ltd) respectively.  
The swelling data (Figure 7-12) is used as the basis for determining the Mc 
values and therefore the low Mc for 2 wt% AcA derived film was considered lower 
than the actual value due to experimental error and this is backed by more accurate 
solubility data based on dry weight measurement.  The calculated Mc value (Table 7-5) 
for 0 wt% AcA film, 465.2 x 103 (g/mole) is approximately 2.4 times larger than for 
the most cross-linked film 5 wt% film, 197.4 x 103 (g/mole). The smaller Mc value 
indicates that there is much more cross-linking in the 5 wt% AcA derived film, since 
a lower Mc indicates greater cross-linking (Radi et al., 2010). The Mc result is as 
expected being derived from the swelling volume fraction that was approximately 
2.5 times less for the 5 wt% AcA derived film compared with the 0 wt% AcA 
derived film.    
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Table 7-5 Molecular weight between two cross-links Mc (calculated) 
AcA 
(%) 
Mc* calculated 
(g/mole) x 103 
0 465.2 
2 123.9 
5 197.4 
10 353.0 
15 339.1 
*based on swelling data 
 
7.4 CONCLUSIONS   
Aconitic acid acted as a cross-linking agent and also a strong plasticising agent in 
starch/glycerol films. The films were successfully cross-linked using AcA with the 
5 wt% AcA derived film being the most cross-linked as demonstrated by having the least 
solubility and a low swelling coefficient in water.  At greater than 5 wt% additions of 
AcA the derived films became very stretchy with the free AcA acting as a strong 
plasticising agent.  This is a clear indication of the starch films having elastomeric 
features. The significant increase in elongation by the addition of AcA suggests that 
it may be used to develop starch elastomers of interesting properties. It should be 
noted that in the present studies only 20 wt% glycerol was used.  The work of Yu et 
al. (2005) indicated that sample preparation by extrusion instead of solvent-casting 
may significantly improve starch elastomeric properties.  
Future work to improve the film properties would be to investigate the effects 
of altering the amount and content of the plasticiser.  Using a plasticiser mix of half 
sorbitol and half glycerol may improve the immiscibility or phase separation of 
glycerol in the film and improve the film strength. The use of a catalyst such as 
sodium phosphate may be considered to assist in improving the cross-linking and 
strength of the film.  Overall the stretchy aspect and improved moisture resistance 
and reduced retrogradation make these films attractive for packaging material.   
 Chapter 8: Conclusions and future work  Page 169  
Chapter 8  
Conclusions and Future Work 
 The purpose of the study was to develop nontoxic biodegradable and 
relatively inexpensive starch-based plastic composites that are able to replace the 
non-degradable fossil fuel based plastics that pollute the environment. To achieve 
this goal the study investigated reinforcement of the starch film using sugarcane 
bagasse fibre and chemical modifications of starch molecules by the use of alcohols 
and AcA. By improving the film properties such as moisture resistance, stiffness and 
strength, while avoiding excessive crystallisation, would help towards achieving the 
ultimate project goal.  
8.1 SUMMARY AND CONCLUSIONS 
A review of the background theory and current methods used to improve the 
properties of starch-based films was outlined in Chapter 1 and 2. Starch-based film 
properties were shown to be significantly improved by incorporating lignocellulose 
fibre into the films.  It was also outlined that starch modification by thermal reactive 
extrusion in the presence of chemicals improved the film properties. As a 
consequence, the present study examined the use of MetOH and EtOH and their 
combinations using reactive extrusion. The cross-linking of starch films using 
organic acids such as citric acid resulted in improved water insolubility and reduced 
retrogradation, with in some cases, increased strength. It was therefore hypothesized 
that using a more reactive organic acid such as AcA that contains a reactive 
carbon/carbon double bond will enhance the properties of starch films. 
8.1.1   Solvent-cast and hot-pressed film processing methods 
In Chapter 4 two main methods of film production were investigated, the 
solvent-cast method and the hot-pressed method. The films produced were 
conditioned at six relative humidities: 23, 43, 58, 70, 81 and 98% RH. Two starch 
types were used, the hydroxypropylated high amylose starch (G939) and the 
‘Soluble’ potato starch.   
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The conclusion was that hot-pressed films (for both starch types) are more 
homogeneous, approximately twice as crystalline as cast films, are stiffer/stronger (i.e., 
higher E' and Tg) and are slightly more thermally stable, besides having a slightly 
reduced moisture uptake. On the basis of these results, starch-bagasse fibre films were 
prepared by the hot-pressed processing method.  
8.1.2   Starch film reinforced with sugarcane microfibre   
The addition of sugarcane bagasse microfibre to G939 and Soluble starch 
film was also investigated in Chapter 4.  For all microfibre films the bulk 
crystallinity and Tmax increased while To decreased. The addition of 5 wt% bagasse 
microfibre was considered optimal showing the largest increase in tensile strength 
compared to all the other films. By comparison, increasing the fibre content to 
10 and 20 wt% caused a relative decrease in tensile strength but a continued 
increase in stiffness with decreased extension at yield and extension at break. This 
decrease in strength was considered attributable to fibre agglomeration and poor 
fibre/polymer bonding.  
8.1.3   Starch film reinforced with sugarcane nanofibre   
Chapter 5 investigated the use of sugarcane bagasse nanofibre for improved 
film properties. Sugarcane bagasse nanofibres were successfully derived from 
unbleached soda pulp using the pulp refining process. The crystallinity of these fibres 
is higher than that of the microfibres due to the reduced lignin and hemicellulose 
content. The increased bonding surface area, reduced lignin content and increased 
crystallinity are features that all combined to give the nanofibre starch-based films 
superior physico-chemical properties compared to those of the microfibre films. 
There was a slight decrease to the on-set of thermal decomposition for the 
starch-nanofibre films compared to the neat starch film. However, the maximum 
thermal degradation temperature occurred at slightly higher temperatures than the 
starch film on its own. 
Models for fibre composite films did not predict the initial large increase of 
strength or modulus values due to the increased nanofibre bonding at low fibre 
loadings. The significant increases in tensile properties at low fibre content may be 
due to formation of a continuous nanofibre network at the low nanofibre loadings. 
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However, the composite model that relates the ratio of the elongation at break to the 
nanofiber volume fraction was able to predict from the data obtained strong bonding 
between the nanofibres and the starch molecules. The DMTA results showed 
increased Tg, E′ and E″ with fibre addition which complemented the tensile testing 
results, by indicating improved stiffness, as a result of the increased nanofibre 
content. Both microscopic (FTIR) and macroscopic (SEM) analyses provided 
evidence of the strong interactions that existed between starch and bagasse 
nanofibres.  
8.1.4   Thermal extrusion of starch film with alcohol 
Chapter 6 describes the research and the results of thermally extruding high 
amylose starch with different combinations of MetOH and EtOH. Thermal extrusion 
of starch/glycerol with alcohol(s) enhanced the film mechanical properties. The film 
stiffness was significantly increased (i.e., improved) as indicated by increases in the 
Young’s modulus and the Tg values. The alcohol-derived films had increased 
crystallinity, reduced moisture, and significantly increased stiffness. The greatest 
reduction in moisture, increase in stiffness and increase in strength was for the 5 wt% 
MetOH derived film.  The 10 and 15 wt% EtOH derived films gave the second 
highest increased stiffness although with a decreased strength. The thermal stability 
of alcohol extruded film was generally reduced compared to the control film imply 
that there was increased starch degradation during processing.  
The FTIR analysis revealed both alcohols oxidised starch to form carbonyl 
groups. The 1HNMR further supports that MetOH reacted more so than EtOH with 
suggestion of increased molecular interactions among starch molecules. No residual 
unreacted alcohol was detected in the films because it volatilised out during the 
thermal extrusion and hot-pressing processes. 
Overall, the results show that thermal extrusion of starch films in the presence 
of alcohol improves the mechanical properties of the films especially the stiffness. 
8.1.5   Starch films modified with aconitic acid   
In Chapter 7 it was described how the use of ACA acted as both a cross-
linking agent and also a strong plasticising agent in starch/glycerol films. The 
5 wt% AcA derived films were found to be the most cross-linked having the lowest 
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solubility and low gel swelling in water.  At greater than 5 wt% AcA the derived 
films became extremely stretchy with the residual AcA acting as a strong 
plasticiser and clearly indicating that the starch films may have elastomeric 
features. Concomitantly, the films also dramatically reduced in strength. However, 
in general all of the films increasingly softened by increasing amounts of AcA with 
corresponding decrease in the strength. Optimisation of the elastomeric properties 
of these films may lead to novel applications both in the food and packaging 
industries. 
8.1.6   Summary 
The hot-pressed method was shown to be a better method to prepare starch 
films compared to the solvent-cast method. The hot pressed films were more 
homogeneous, stiffer, stronger (i.e., higher E' and Tg), more thermally stable and had 
reduced moisture content.  
The Soluble starch derived films gave higher strength, stiffness, crystallinity 
and To values although a reduced Tmax compared with G939 starch films conditioned 
at 58% RH. Thermally extruded high amylose G80 starch film gave properties 
between those of Soluble starch and G939 films conditioned at 58% RH.  It was 
concluded that Soluble starch was the starch of choice for producing starch-based 
film with superior properties based on this study. 
Overall, the best film in terms of mechanical properties was the film reinforced 
with 10 wt% sugarcane bagasse nanofibre as it was the stiffest, strongest, highest 
moisture resistance and increased thermal resistance having the highest Tmax, 
although To was slightly reduced.  
The AcA derived Soluble starch films are the least soluble in water, contain 
the least moisture and are the least crystalline. The AcA derived films also have 
better elastomeric properties when greater than 5 wt% AcA additions are used.  
However, these films although showing significant elastomeric properties, their 
stiffness, strength and thermal properties are much lower than the other starch 
composite films. 
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Practical Uses: 
This project has developed starch-based composite films with varying 
physico-chemical and mechanical properties. Table 8-1 is a summary of the 
properties of these films relative to starch films from which they were derived. The 
additive costs are compared to one another without taken into account the overall 
processing costs. On the basis of the properties of these composites, potential 
practical uses are suggested.  
 Overall the strongest and stiffest films were the fibre films with 10 wt% 
nanofibre films being the strongest.  The fibre film could be used as a 
replacement for disposable packaging applications where the brown colour is 
not a problem (Wollerdorfer & Bader, 1998). These fibre films are readily 
biodegradable (although not reported in this report) and an antibacterial agent 
may be required to slow down the rate of decomposition, if they were used as 
mulching films, composting bags or seedling pots.   
 The alcohol derived films with increased Young’s modulus, relative to starch 
films, with improved stiffness could be used for foam filler chips where the 
increased stiffness relates to an increased spring index, a beneficial property 
for this type of application (Miladinov & Hanna, 2001).   
 The AcA derived film became less water soluble at 5 wt% AcA due to cross-
linking, although it had reduced strength. AcA derived films may find use as 
a ‘barrier film’ in some applications.  In medicine the film may be of use, if 
combined with anti-bacterial agents, as a wound dressing (Mitrus et al., 
2009).  If combined with anti-oxidising agents the AcA derived film may also 
be useful as a food covering preventing oxidation (Janssen & Moscicki, 
2009). However, the film strength and moisture resistance may need 
improvement for use as a food grade packaging film. 
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Table 8-1  Summary of starch composite film property changes and potential practical uses* 
Starch 
Composite 
Additive 
cost Moisture  Crystallinity TGA Tg 
Young’s 
modulus 
Tensile 
strength 
Strain at 
break 
Potential 
practical 
uses 
microfibre ↓  ↓   ↑   ↓   To     ↑Tmax   n.a. ↑  
↑  5 wt% 
(55%)  
↓ ≥ 10 wt%  
↓     
 
disposable 
packaging 
nanofibre ↑  ↓  ↑   ↓    To     ↑ Tmax  ↑   ↑↑   ↑↑ 10 wt% ↓  
disposable 
packaging 
alcohol ↓   ↓  ↑  ↔    To  ↓ Tmax 
↑ (5 wt% 
MetOH) 
 
↓overall 
↑ 
↑  (5 wt% 
MetOH) 
 
↓ overall 
↑  (5 wt% 
MetOH) 
 
↓overall 
foam chips 
as filler 
material in 
packaging  
AcA 
↑↑ 
dependent 
on wt% 
↑  ↑  ↓    To     ↓ Tmax   n.a. ↓  ↓ 
↔ (≤ 5 wt%)
↑ (≥ 10 wt%)
barrier 
resistant 
type of film 
*Notation: ↑(increase); ↓(decrease); ↑↑ (large increase); ↔ (little change); n.a. (not assessed).  
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8.2 FUTURE WORK 
8.2.1 Future work to improve starch-based sugarcane microfibre films 
should include: 
 Treatment of the microfibre with a warm water sodium hydroxide 
wash to texture the fibre surface and reduce lignin content to assist in 
making a stronger microfibre bond for film strengthening. 
 Further treatment of the microfibre with a bleaching agent such as 
hydrogen peroxide would assist to reduce the lignin and to strengthen the 
microfibre/starch bond and improve the film strength.  However, the 
inadvertent reduction of the hemicellulose content may adversely affect 
some beneficial properties imparted to the film by this component. 
 Thermal extrusion followed by hot pressing will enhance the microfibre 
distribution and may enable film strengthening at higher fibre content 
by avoiding fibre agglomeration. 
8.2.2 Future work to improve starch-based sugarcane nanofibre films 
should include: 
 A study to reduce the nanofibre lignin and hemicellulose contents, 
while not affecting nanofibre strength, would be beneficial since lignin 
and hemicellulose may hinder the bonding between the cellulosic 
nanofibres and the starch polymer molecules. The reduction in the 
hemicellulose would help to increase the initial decomposition 
temperature of the film under thermal treatment. However, removal of 
hemicellulose may also decrease some other film properties.  
 Attaching surface charges onto the nanofibre surface to reduce or 
prevent fibre agglomeration which causes a reduced stress transfer 
between the fibre and starch polymer would improve the film 
properties. Treatment of the nanofibres with a dilute sulphuric acid 
solution for a short time at moderate temperature would cause 
negatively charged sulphate ions (SO4-2) to attach onto the fibre 
surface . Care has to be undertaken in order to avoid fibre damage and 
cellulose degradation. 
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8.2.3 Future work on thermally extruded alcohol film should include: 
 The addition of protein powder (gluten, zien, whey or casein) may 
assist by the amine groups of the protein reacting with starch carbonyl 
groups for cross-linking the alcohol composite to improve the film. 
 The addition of an organic acid may further enhance the cross-linking 
reaction through the carboxylic groups reacting with the composite 
hydroxyl groups to further strengthen and improve the film properties. 
8.2.4 Future work on starch-based AcA films should include: 
 Altering the amount and content of the glycerol would likely improve 
the film properties by reducing the extent of glycerol phase separation 
that occurs within the starch matrix. A plasticiser combination made 
up of sorbitol/glycerol (50/50 wt%) mix has been shown to prevent 
glycerol phase separation in starch film. 
 Use of a catalyst such as sodium phosphate that may assist to 
strengthen AcA cross-linked starch film in a similar way that CA 
cross-linked film was strengthened. 
 Addition of nanofibre to the AcA cross-linked film to increase the 
strength.  The dominant stretchy feature of the AcA film may be 
effective enough to prevent the film from becoming excessively stiff 
due to fibre reinforcement, yet overall have a strength increase. 
 The addition of varied amounts of protein powder may assist by the 
protein amine groups reacting with the AcA carboxylic and starch 
hydroxyl groups to assist with cross-linking to further improving the 
film properties. 
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Table A-1 Moisture uptake and crystallinity of solvent-cast films 
Relative 
Humidity 
(%) 
Soluble starch films G939 starch films 
Moisture 
(%) 
Crystallinity 
(%) 
Moisture 
(%) 
Crystallinity 
(%) 
Cast film     
98 38.6 ±3.4 21 ±1.8 42.3 ±3.8 11 ±0.65 
81 24.5 ±2.5 11 ±0.74 27.6 ±2.4 5.7 ±0.42 
70 19.2 ±1.9 6.6 ±0.33 20.1 ±2.0 3.7 ±0.18 
58 12.6 ±1.3 0.9 ±0.05 15.5 ±1.4 2.8 ±0.13 
43 11.0 ±1.0 0.2 ±0.01 13.5 ±1.2 2.0 ±0.10 
23 6.8 ±0.90 0.2 ±0.01 9.7 ±1.1 1.8 ±0.09 
Hot pressed film    
98 37.0 ±3.3 28 ±2.4 42.0  ±3.6 20 ±2.3 
81 25.4 ±2.1 19 ±1.4 25.0 ±2.3 12 ±1.3 
70 18.4 ±1.7 15 ±0.98 18.0 ±1.6 12 ±0.54 
58 14.1 ±1.3 14 ±0.65 13.6 ±1.3 8.0 ±0.48 
43 10.8 ±1.0 12 ±0.75 10.2 ±1.1 7.0 ±0.45 
23 7.2 ±0.90 10 ±0.45 6.7 ±0.8 5.8 ±0.32 
 
 
Table A-2 Thermal properties of processed films 
 
Relative 
Humidity 
(%) 
Soluble starch films  G939 starch films 
Moisture 
% (wt) 
To* 
(°C) 
Tmax* 
(°C) 
Moisture 
% (wt) 
To* 
(°C) 
Tmax* 
(°C) 
Cast film       
98 38.6 ±3.4 274  306  42.3 ±3.8 231  318  
81 24.5 ±2.5 272  305  27.6 ±2.4 232  316  
70 19.2 ±1.9 259  305  20.1 ±2.0 232  318  
58 12.6 ±1.3 253  306  15.5 ±1.4 255  321  
43 11.0 ±1.0 236  305  13.5 ±1.2 216  320  
23 6.8 ±0.9 261  305  9.7 ±1.1 233  318  
Hot pressed film      
98 37.0 ±3.3 278  307  42.0  ±3.6 257  319  
81 25.4 ±2.1 273  308  25.0 ±2.3 261  318  
70 18.4 ±1.7 266  307  18.0 ±1.6 258  322  
58 14.1 ±1.3 270  306  13.6 ±1.3 265  320  
43 10.8 ±1.0 270  305  10.2 ±1.1 256  321  
23 7.2 ±0.9 270  308  6.7 ±0.8 249  323  
Note:  * error of measurement ±1 °C. 
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Figure A-1  Interaction plot of film: starch type and relative humidity for 
moisture.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure A-2  Interaction plot of film: starch type and relative humidity for 
Crystallinity. 
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Figure A-3  Interaction plot of film: starch  type and relative humidity for To. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure A-4  Interaction plot of film: starch type and relative humidity for 
Tmax.     
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Table A-3 Moisture and crystallinity for starch/microfibre films 
 
 
 
 
Relative 
Humidity 
(RH%) 
Soluble   G939  
Moisture 
(wt%)  
Crystallinity 
(%)   
Moisture 
(wt%)  
Crystallinity 
(%)  
0% fibre    
98 37.0 ±3.3 28 ±2.4 42 ±3.6 20 ±2.3 
81 25.4 ±2.1 19 ±1.4 25 ±2.3 12 ±1.3 
70 18.4 ±1.7 15 ±0.98 18 ±1.6 12 ±0.54 
58 14.1 ±1.3 14 ±0.65 13.6 ±1.3 8 ±0.48 
43 10.8 ±1.0 12 ±0.75 10.2 ±1.1 7 ±0.45 
23 7.2 ±0.90 10 ±0.45 6.7 ±0.8 5.8 ±0.32 
5% fibre    
98 37.1±3.2 21.1±1.8 53.6±4.5 12.6±1.3 
81 22.6±2.4 11.7±1.2 22.3±2.2 8.1±0.82 
70 15.7±1.7 8.7±1.1 15.3±1.6 6.7±0.80 
58 11.5±1.2 7.8±0.85 10.9±1.2 5.8±0.62 
43 8.1±0.86 9.4±1.2 7.8±0.82 5.1±0.52 
23 4.7±0.52 6.7±0.62 4.6±0.42 4.8±0.55 
10% fibre    
98 36.6 ±3.2 35.7 ±2.8 50.0 ±3.5 29.6 ±2.3 
81 21.5 ±2.3 19.1 ±1.7 21.4 ±2.1 16.7 ±1.4 
70 14.6 ±1.3 20.4 ±1.9 14.2 ±1.3 10.5 ±0.95 
58 10.7 ±1.0 21.3 ±2.2 10.1 ±1.1 9.7 ±0.83 
43 7.0 ±0.81 13.4 ±1.2 6.6 ±0.71 11.3 ±0.84 
23 3.7 ±0.38 10.6 ±0.85 3.3 ±0.48 6.6 ±0.64 
20% fibre    
98 34.6 ±3.1 29.0 ±2.5 44.5 ±3.6 25.5 ±2.2 
81 20.8 ±1.9 18.5 ±1.6 21.0 ±2.0 25.4 ±2.1 
70 14.1 ±1.2 15.8 ±1.3 14.3 ±1.3 14.6 ±1.3 
58 10.1 ±0.91 12.8 ±1.0 10.3 ±1.1 12.8 ±1.1 
43 7.0 ±0.80 10.2 ±0.96 7.3 ±0.83 9.9 ±0.82 
23 3.7 ±0.49 11.1 ±1.1 4.0 ±0.51 11.4 ±1.2 
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Table A-4 Thermal properties of starch/microfibre films 
 
Relative 
Humidity 
(%) 
Soluble   G939  
To* 
(°C) 
Tmax* 
(°C) 
To* 
(°C) 
Tmax* 
(°C) 
0% fibre  
98 278 307 257 319 
81 273  308 261 318 
70 266 307 258 322 
58 270 306 265 320 
43 270 305 256 321 
23 270 308 249 323 
5% fibre  
98 285 311 219 327 
81 270 308 255 320 
70 268 309 258 326 
58 266 310 252 326 
43 268 308 249 322 
23 267 308 247 320 
10% fibre  
98 277  318  248  321  
81 264  316  252  324  
70 258  317  249  326  
58 260  315  250  323  
43 263  316  242  319  
23 258  315  246  320  
20% fibre  
98 272 315 247 319 
81 266 316 252 319 
70 265 317 253 317 
58 258 315 254 320 
43 265 313 256 318 
23 258 316 252 318 
Note:  * error of measurement ±1 °C. 
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Table A-5  Interaction of bagasse and relative humidity for moisture, 
crystallinity, To and Tmax of starch microfibre/film  
Variable  Moisture   (%) 
Crystallinity 
  (%) 
To 
(°C) 
Tmax 
(°C) 
Bagasse Relative Humidity    
0% 
 
98% 39.5a 24.0abc 267.5a 313.0bcde 
81% 25.2b 15.5cdefg 267.0a 313.0bcde 
70% 18.2cde 13.5defgh 262.0ab 314.5abcde 
58% 13.8efg 11.0efgh 267.5a 313.0bcde 
43% 10.5fghi 9.5efgh 263.0ab 313.0bcde 
23% 7.0hij 7.9fgh 259.5ab 315.5abcd 
5% 
98% 45.4a 16.8cdef 267.5a 311.0cde 
81% 22.4bc 10.0efgh 263.0ab 308.0e 
70% 15.5def 7.7gh 263.5ab 310.5cde 
58% 11.2fgh 6.8gh 263.0ab 308.0e 
43% 8.0ghij 7.3gh 263.5ab 308.5de 
23% 4.6ij 5.7h 261.5ab 308.0e 
10% 
98% 43.3a 32.7a 262.5ab 319.5ab 
81% 21.5bcd 17.9cde 258.0ab 320.0ab 
70% 14.4ef 15.5cdefg 253.5ab 321.5a 
58% 10.4fghi 15.4cdefg 255.0ab 319.0ab 
43% 6.8hij 12.4efgh 252.5b 317.5abc 
23% 3.5j 8.6fgh 252.0b 317.5abc 
20% 
98% 39.5a 27.3ab 259.5ab 317.0abc 
81% 20.9bcd 22.0bcd 259.0ab 317.5abc 
70% 14.2ef 15.2cdefg 259.0ab 317.0abc 
58% 10.2fghi 12.8efgh 256.0ab 317.5abc 
43% 7.2hij 10.0efgh 260.5ab 315.5abcd 
23% 3.8j 11.3efgh 255.0ab 317.0abc 
*Figures for each property having the same letters are not significantly different 
(P > 0.05).
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Table A-6 Tensile properties of Soluble starch/microfibre film 
Relative  
Humidity  
(RH %) 
Bagasse  
(%) 
Young's 
Modulus 
(Mpa) 
Max. 
Tensile 
Stress  
(Mpa) 
Strain at 
yield  
(%) 
Strain at 
break 
(%) 
81 
20 18.1 0.909 7.60 8.75 
10 18.5 1.11 9.62 11.2 
5 19.0 1.67 16.9 17.8 
0 10.7 1.32 37.5 39.4 
70 
20 31.4 1.23 10.2 11.4 
10 35.3 1.92 14.9 16.1 
5 42.0 2.85 27.3 31.1 
0 24.1 1.85 39.5 43.3 
58 
20 104 2.65 12.2 13.9 
10 86.2 3.21 18.6 20.8 
5 120 4.40 19.7 25.2 
0 66.3 3.06 42.5 49.4 
43 
20 263 5.95 2.61 2.79 
10 200 6.80 4.79 9.24 
5 276 10.3 4.38 4.63 
0 211 7.16 4.86 11.5 
23 
20 316 6.92 1.75 1.76 
10 307 8.54 2.74 2.75 
5 372 14.4 3.63 3.65 
0 340 11.7 3.62 3.64 
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Table A-7 Tensile properties of G939 starch/microfibre film 
Relative  
Humidity  
(RH %) 
Bagasse 
(wt %) 
Young's 
Modulus 
(Mpa) 
Max. 
Tensile 
Stress  
(Mpa) 
Strain at 
yield  
(%) 
Strain at 
break 
(%) 
81 
20 10.1 0.982 25.6 28.8 
10 7.51 0.972 38.2 41.1 
5 11.9 1.40 53.4 59.1 
0 6.20 1.00 74.4 80.3 
70 
20 34.6 1.52 29.2 36.3 
10 22.3 1.45 47.6 52.7 
5 31.4 1.93 61.4 72.5 
0 16.6 1.57 97.0 103 
58 
20 131 3.41 14.1 24.2 
10 75.7 2.88 25.0 33.2 
5 94.6 4.11 9.46 25.7 
0 60.1 2.51 69.1 73.1 
43 
20 297 6.90 2.62 2.80 
10 293 9.60 3.82 5.05 
5 294 12.8 4.85 5.26 
0 298 10.7 5.07 11.7 
23 
20 281 12.9 4.53 4.64 
10 297 13.8 5.32 5.37 
5 381 18.7 4.89 4.91 
0 310 17.2 7.42 11.6 
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Table A-8  Interaction of bagasse and relative humidity for mechanical properties 
of starch microfibre/film 
Variable  
Young’s 
Modulus 
 (MPa) 
Max. 
Tensile 
Stress 
(MPa) 
Strain at 
Yield 
(%) 
Strain at 
Break 
(%) 
Bagasse Relative Humidity   
0% 
81% 8.5f 1.2g 56.0ab 59.9ab 
70% 20.3f 1.7g 68.3a 73.5a 
58% 63.2def 2.8fg 55.8ab 61.3ab 
43% 254.1bc 8.9c 5.0ef 11.6efgh 
23% 324.7ab 14.4a 5.5ef 7.6fgh 
5% 
81% 15.4f 1.5g 35.1bcd 38.5bcd 
70% 36.7ef 2.4fg 44.3abc 51.8abc 
58% 107.3de 4.3ef 14.6def 25.4defgh 
43% 285.0bc 11.6b 4.6ef 4.9fgh 
23% 376.6a 16.6a 4.3ef 4.3fgh 
10% 
81% 13.0f 1.0g 23.9cdef 26.1defg 
70% 28.8f 1.7g 31.2bcde 34.4cde 
58% 80.9def 3.0fg 21.8cdef 27.0def 
43% 246.0c 8.2cd 4.3ef 7.1fgh 
23% 301.9bc 11.2b 4.0ef 4.1gh 
20% 
81% 14.1f 0.9g 16.6def 18.8defgh 
70% 33.0f 1.4g 19.7cdef 23.8defgh 
58% 117.4d 3.0fg 13.1def 19.0defgh 
43% 280.2bc 6.4de 2.6f 2.8h 
23% 298.5bc 9.9bc 3.1f 3.2h 
*Figures for each property having the same letters are not significantly different 
(P > 0.05). 
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Figure A-5  Interaction plot of microfibre/film: starch type and relative 
humidity for moisture.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure A-6  Interaction plot of microfibre/film: starch type and relative 
humidity for crystallinity.  
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Figure A-7  Interaction plot of microfibre/film: starch type and relative 
humidity for To.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure A-8  Interaction plot of microfibre/film: starch type and relative 
humidity for Tmax.  
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Figure A-9  Interaction plot of microfibre/film: starch type and relative 
humidity for Young’s Modulus.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure A-10  Interaction plot of microfibre/film: starch type and relative 
humidity for maximum tensile stress.  
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Figure A-11  Interaction plot of microfibre/film: starch type and relative 
humidity for strain at yield.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure A-12  Interaction plot of microfibre/film: starch type and relative 
humidity for strain at break.  
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Table A-9 Mechanical properties of nanofibre reinforced Soluble Starch-
based films* 
Nanofibre
+ 
(%) 
Young's 
Modulus 
(MPa) 
Max. tensile 
strength 
(MPa) 
Extension 
at max. 
strength 
(%) 
Extension 
at break 
(%) 
0.0 66 +/-  4.0 3.06 +/- 0.10 42.5 ± 3.5 49.0 +/-  3.8 
2.5 153 +/-  9.0 4.84 +/- 0.11 32.4 +/-  2.5 39.0 +/-  2.9 
5.0 173 +/- 13 5.32 +/-  0.29 27.7 +/-  1.5 31.0 +/-  2.0 
10.0 181 +/-  11 6.23 +/-  0.19 19.0 +/-  2.1 20.5 +/-  2.2 
20.0 198 +/-  19 5.78 +/-  0.39 13.4 +/-  2.3 14.5 +/-  2.4 
* Mean of at least 7 repeats 
+ Fibre % based on the starch weight of the composite.  
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Figure B-1  The different dumbbell shapes used for tensile testing including 
ASTM D 638 MIII (small metric size) Testing of plastics and 
rubber (2015).  
  
Ref: Retrieved Feb 25th 2015, from 
http://www.kutlultd.com.tr/files/downloads/pdf/Industrial/PlasticsRubber.pdf    
 Appendix B - Supplementary Information and Photos  Page 211  
bagasse
on top 
screen
bottom 
screen
shaker 
frame
clean dry 
bagasse
bagasse 
pith 
large 
bagasse 
fibres 
smaller 
bagasse 
fibres 
(a) (b) 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure B-2  The screening process of de-pithing sugarcane bagasse: (a) clean dry sugarcane bagasse transferred to the screen shaker 
and (b) the larger fibre remaining on the screens with the separated pith passing through into the green bin. 
           
Sugarcane bagasse de-pithed 
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Figure B-3  Tensile testing showing: (a) Instron machine used for testing and (b) film dumbbells in the jaws after breaking.   
Tensile testing 
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Figure B-4  The 18.5 litre Parr reactor used to pulp the sugarcane bagasse. 
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“Our greatest weakness lies in giving up. The most certain way to succeed is always 
to try just one more time.” 
 
Thomas A. Edison 
 
